
Page 1/30

Increased Serum Procollagen Type I C-terminal
Propeptide Levels are Associated with Subclinical
Left Ventricular Dysfunction in Patients with Breast
Cancer Treated with Anthracycline-Based Cancer
Chemotherapy
Ana de la Fuente 

Clínica Universidad de Navarra: Clinica Universidad de Navarra
Marta Santisteban 

Clinica Universidad de Navarra Departamento de Oncología Médica: Clinica Universidad de Navarra
Departamento de Oncologia Medica
Josep Lupón 

Hospital Universitari Germans Trias i Pujol
José Manuel Aramendía 

Clinica Universidad de Navarra Departamento de Oncología Médica: Clinica Universidad de Navarra
Departamento de Oncologia Medica
Agnes Díaz 

Clinica Universidad de Navarra
Germán Cediel 

Hospital Universitari Germans Trias i Pujol
Begoña López 

CIMA Universidad de Navarra
José María López Picazo 

Clinica Universidad de Navarra Departamento de Oncología Médica: Clinica Universidad de Navarra
Departamento de Oncologia Medica
Gregorio Rábago 

Clinica Universidad de Navarra
Javier Díez 

Clinica Universidad de Navarra
Arantxa González 

CIMA Universidad de Navarra
Antoni Bayés-Genís 

Hospital Universitari Germans Trias i Pujol
Susana Ravassa  (  sravassa@unav.es )

https://doi.org/10.21203/rs.3.rs-101186/v1
mailto:sravassa@unav.es


Page 2/30

CIMA Universidad de Navarra https://orcid.org/0000-0001-5926-5677

Research article

Keywords: Anthracycline-based chemotherapy, cardiotoxicity, global longitudinal strain, left ventricular
ejection fraction, myocardial �brosis, biomarkers

Posted Date: November 6th, 2020

DOI: https://doi.org/10.21203/rs.3.rs-101186/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://orcid.org/0000-0001-5926-5677
https://doi.org/10.21203/rs.3.rs-101186/v1
https://creativecommons.org/licenses/by/4.0/


Page 3/30

Abstract
Background Anthracycline-based cancer chemotherapy (ACC) has been related to myocardial interstitial
�brosis (MIF), a lesion contributing to left ventricular dysfunction (LVD). We investigated whether
biomarker-assessed MIF was associated with LVD in patients with breast cancer receiving ACC and in
patients with ACC-induced heart failure (ACC-HF). Moreover, chemotherapy agent’s pro-�brotic activity
was evaluated in human cardiac �broblasts (HCFs).

Methods Echocardiography, serum biomarkers of collagen deposition (procollagen type-I C-terminal-
propeptide [PICP]) and crosslinking (collagen type-I C-terminal-telopeptide/matrix metalloproteinase-1
ratio), and biomarkers of myocardial and vascular stress (galectin-3, sST2, amino-terminal pro-brain
natriuretic peptide [NT-proBNP], hs-troponin-T and vascular cell adhesion molecule-1 [VCAM-1]) were
assessed in 70 breast cancer patients at baseline, and during ACC at 3 and 6 months. Subclinical
cardiotoxicity was de�ned as global longitudinal strain (GLS) relative reduction>15%. In addition, PICP
and NT-proBNP were determined in 347 patients with different HF etiologies, 37 with ACC-HF (of whom
65% had been diagnosed with breast cancer) and 12-month-follow-up LVEF assessment. HCFs activation
was examined after incubation with doxorubicin, cyclophosphamide, paclitaxel and trastuzumab for 24
hours.

Results In patients with breast cancer, six-months-ACC reduced GLS and upregulated PICP, hs-troponin-T,
NT-proBNP and VCAM-1 (P<0.01) versus baseline. At 6 months, elevation of PICP was higher in patients
with subclinical cardiotoxicity versus the remaining patients (P for interaction<0.001). PICP levels were
directly and independently associated with a relative reduction in GLS (P<0.001). In ACC-HF patients,
baseline LVEF was inversely associated with PICP and NT-proBNP (P<0.01). After 12 months, LVEF did
not change in patients with higher basal PICP (3rd tertile) but improved in the remaining patients
(P<0.001). Doxorubicin, cyclophosphamide and trastuzumab stimulated collagen synthesis in HCFs.

Conclusion These results indicate that biomarker-assessed MIF associates with early LVD in ACC-treated
patients with breast cancer. In addition, these �ndings suggest that MIF may be associated with
established LVD in ACC-HF patients, hindering LV functional improvement after 12 months. Finally,
chemotherapy can directly activate collagen metabolism in HCFs.

Introduction
Highly-effective oncologic drugs have led to important improvements in survival rates in patients with
breast cancer. However, these agents are associated with side effects, cardiotoxicity among them, which
limits treatment options and contributes to morbidity and mortality in these patients [1–4]. Therefore,
there is a critical need to understand the pathophysiological mechanisms taking place in the myocardium
of patients undergoing cancer chemotherapy before irreversible cardiac damage occurs [5].

Traditionally, cardiotoxicity due to breast cancer treatment, particularly anthracycline-based cancer
chemotherapy (ACC), has been attributed to cardiomyocyte damage and death, with amino-terminal pro-
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brain natriuretic peptide (NT-proBNP) and high-sensitivity troponins (hs-Tn) as the most commonly used
biomarkers to detect cardiac damage in these patients [5, 6]. However, it has been suggested that
myocardial interstitial �brosis (MIF) is an additional important mechanism contributing to left ventricular
dysfunction (LVD) and adverse clinical evolution in ACC-treated patients [6, 7], as well as in patients
treated with other oncologic drugs such as cyclophosphamide, taxane agents and anti-HER2 therapies
[8–14]. As cumulative evidence suggest that the detrimental impact of MIF on LV function is related to
both an excess in collagen type-I �ber cross-linking and deposition [15], these characteristics of the
collagen �ber should be evaluated in the myocardium of patients receiving ACC. In this regard, some
circulating peptides with histologically-proven association with MIF have been described. On the one
hand, the serum procollagen type-I C-terminal propeptide (PICP), released during the conversion of
procollagen type-I into �bril-forming mature collagen type-I, is directly correlated with LV myocardial
collagen type-I deposition [16]. On the other hand, the ratio of serum collagen type-I C-terminal telopeptide
to serum matrix metalloproteinase-1 (CITP:MMP-1) is inversely correlated with LV myocardial collagen
type-I cross-linking, as the higher is the cross-linking among collagen type-I �brils, the lower will be the
cleavage of CITP by MMP-1 during the process of �ber degradation [17].

Therefore, we propose to investigate whether ACC induces biomarker-assessed MIF and whether this
lesion is associated with early LVD in patients with breast cancer undergoing chemotherapy and with
established LVD in patients with ACC-induced heart failure (ACC-HF). To address these questions, we
have analyzed 3- and 6-month changes in the levels of serum PICP and CITP:MMP-1, and of other
biomarkers associated with myocardial remodeling (e.g., vascular cell adhesion molecule-1 [VCAM-1],
galectin-3 and soluble ST2 [sST2]) and injury-dysfunction (e.g., NT-proBNP and hs-TnT), in breast cancer
patients undergoing ACC. In addition, we have evaluated biomarkers of MIF and injury-dysfunction in
patients with ACC-HF in whom LV function has been re-assessed after 12 months follow-up. Finally, to
characterize the pro-�brotic mechanisms of breast cancer chemotherapy drugs, we have performed in
vitro studies to analyze several aspects related to collagen metabolism in human cardiac �broblasts
(HCFs) incubated with these compounds.

Methods
All procedures performed in studies involving human participants were in accordance with the ethical
standards of the Clinical Investigation Ethics Committees of the University of Navarra and of the Hospital
Universitari Germans Trias i Pujol. The study conformed to the principles of the Helsinki Declaration of
1975, as revised in 2013.

Study 1: Patients with breast cancer
Samples from patients included in the study were provided by the Biobank of the University of Navarra
and were processed following standard operating procedures approved by the Clinical Investigation
Ethics Committee of the University of Navarra.
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Study population
Eighty-one patients with treatment-naive primary breast cancer were prospectively recruited from 2017 to
2019 in the Breast Cancer Unit at the department of Medical Oncology at the University of Navarra Clinic.
A total of 70 patients with planned treatment with epirubicin/cyclophosphamide and taxanes were
eligible for inclusion (mean age 50.8 years, range 32–81 years). Reasons for exclusion included loss to
follow-up (n = 7), incomplete baseline and follow-up data (n = 2) and unwillingness or inability to provide
informed consent (n = 2). Epirubicin cumulative dose was < 300 mg/m2 in 18 patients and 300–
400 mg/m2 in 52 patients. Twenty-three patients underwent surgery before chemotherapy and received
adjuvant chemotherapy. The remaining patients received neoadjuvant chemotherapy before surgery
procedure. Eighteen patients with HER2 overexpressing breast cancer received, in addition, targeted
therapy (trastuzumab ± pertuzumab) administered concomitantly with taxanes. No patient had history of
congenital heart disease, coronary heart disease, heart valve disease, heart failure or left ventricular
ejection fraction (LVEF) < 50%.

Study protocol
Participants were studied before chemotherapy (baseline) and at standardized intervals after
epirubicin/cyclophosphamide treatment at 3 months (visit 1) and after taxane treatment, with or without
anti-HER2 therapy, at 6 months (visit 2). Transthoracic echocardiography, biochemical analyses and
circulating biomarker determinations were performed at baseline, visit 1 and visit 2 (Fig. 1A). For further
details see the Online Supplement.

Early subclinical cardiotoxicity was de�ned as a relative decrease in 2D global longitudinal strain (GLS,
as assessed by speckle-tracking analysis) > 15% versus baseline [18], and established cardiotoxicity as
an asymptomatic decrease in LVEF > 15% or an asymptomatic decrease of LVEF > 10% to an absolute
value < 53% versus baseline [18, 19].

Study 2: Patients with HF

Study population
The source of the study population from which this cohort is derived has been described elsewhere [20].
In summary, all patients were ambulatory HF patients treated at a multidisciplinary unit from the Division
of Cardiology at the Hospital Universitari Germans Trias i Pujol (Badalona, Spain). The principal referral
criterion was HF according to the European Society of Cardiology guidelines irrespective of etiology, at
least one HF hospitalization, and/or reduced LVEF. The present cohort inclusion criteria were baseline
echocardiogram and biomarker measurement.

Three hundred and forty seven HF patients at baseline were categorized according to etiologies, 37 with
ACC-HF of whom twenty-four (64.9%) had been diagnosed with breast cancer. In these patients, the
presence of cardiovascular comorbidities was further examined to exclude causes other than ACC
therapy as the main driver of symptomatic HF. For further details see the Online Supplement.
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Circulating Biomarkers
Circulating PICP, NT-proBNP, hs-TnT, galectin-3 and VCAM-1 were measured using commercial ELISAs.
sST2 and MMP-1 were measured using an EIA and an alphaLISA, respectively. CITP was measured using
a RIA. For further details see the Online Supplement.

Study 3: In vitro experiments

Cell Culture
Adult human dermal �broblasts (HDF) and primary cell cultures of HCFs were incubated with either
vehicle or the chemotherapy agents doxorubicin, cyclophosphamide, paclitaxel and trastuzumab for 24 h.
Primary cell cultures of HCFs were isolated from atrial samples obtained as discarded surgical tissue by
mechanical and tissue enzymatic digestion with collagenases and characterized (i.e. vimentin staining)
as previously described [21]. In addition, all cell cultures were tested for �brotic response (increased
mRNA procollagen type I expression) to the transforming growth factor-beta 1. All patients gave written
informed consent to donate the tissue, and the Institutional Review Committee approved the study
protocol. The study conformed to the principles of the Helsinki Declaration. Cells were left to expand until
they reached 60% con�uence. Cells were then starved in reduced serum medium for 24 h prior to
stimulation with chemotherapy agents for another 24 h. The number of viable cells were determined upon
trypan blue staining and counted in a Neubauer chamber. For further details see the Online Supplement.

Quantitative-Real-time PCR
Gene expression was analysed by quantitative real-time PCR by using speci�c TaqMan �uorescent
probes. For further details see the Online Supplement.

Extracellular collagen content
Collagen content in the supernatants of HCFs was estimated by quanti�cation of hydroxyproline in
accordance with the intructions for the QuickZyme Total Collagen Assay (QuickZyme Biosciences). Data
were normalized to viable cell number and expressed as fold change versus unstimulated cells.

Extracellular PICP content
PICP in the supernatants of HCFs was quanti�ed using the alphaLISA PIP (PerkinElmer). The inter-assay
and intra-assay coe�cients of variation were < 1%. The lower limit of detection was 12 pg/mL. Data were
normalized by viable cell number and expressed as fold change versus unstimulated cells.

LOX activity
LOX activity in the supernatants of HCFs was measured with a commercially available �uorimetric assay
(AAT Bioquest) following the manufacture’s indications as previously described [22]. Data were
normalized by viable cell number and expressed as fold change versus unstimulated cells.

Statistical analysis
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Non-normally distributed variables were examined after logarithmic transformation. Differences between
two groups of subjects were tested by Student’s t test for unpaired data once normality was
demonstrated. Otherwise, a nonparametric test (Mann-Whitney U test) was used. Differences among
three groups or more were tested by one-way ANOVA followed by Bonferroni's post-hoc comparisons tests
in case normality was demonstrated. Otherwise, a Kruskal-Wallis test was performed followed by Mann-
Whitney U test with Bonferroni correction. Categorical variables were analyzed by the chi-squared test or
Fisher’s exact test when necessary. Baseline associations were examined by linear regression. Mixed-
effects regression modelling was used for longitudinal and association analyses. Individual linear mixed-
effects models with a random intercept to account for intraparticipant correlation of repeated measures
were used to estimate changes across visits. In patients with breast cancer, subclinical cardiotoxicity at
visit 2, visit, their interaction term, and baseline values of the dependent variable were added as �xed
effects to examine whether the development of subclinical cardiotoxicity was accompanied by greater
changes in the parameters of interest as compared with its absence over time. Visit as random slope was
allowed if the model was signi�cantly better �tted compared to a model with only random intercept. The
variance component structure was speci�ed according to the best �t model. The likelihood ratio test and
Akaike information criterion were used to select the model with the best �t. To examine the independent
association between PICP and GLS, confounding variables with P values < .10 in univariate analyses,
including baseline GLS values, were considered in the multivariable analysis. Multicollinearity was
de�ned as variance in�ation factor (VIF) > 5 with model reduction in case any variable showed evidence
of multicollinearity. The heteroscedasticity and normality of the residuals were examined by scatterplots
and by the Skewness/Kurtosis test, respectively. Logistic regression analyses were used to assess the
relationships of the biomarker levels at baseline, or biomarker changes versus baseline or between visits,
with the presence of subclinical cardiotoxicity. Optimal cut-off values for predicting the development of
subclinical cardiotoxicity at visit 2 were determined by performing receiver-operating characteristic (ROC)
curve analysis followed by the calculation of the Younden’s J statistic. The Benjamini and Hochberg
multiple test correction (false discovery rate of 5%) was applied to all biomarker analyses.

Mixed-effect analyses were performed with the “mixed” command within STATA. Values are expressed as
mean ± SD or median (interquartile range), and categorical variables as numbers and percentages.
Statistical signi�cance was set as a 2-sided P of 0.05. The statistical analyses were performed by using
SPSS (15.0 version) and STATA (13.0 version) software.

Results

Study 1: Patients with breast cancer

Characteristics of patients at baseline
Supplemental Table S1 shows the clinical characteristics of all patients at baseline. At the time of
enrollment, 13 (18.6%) patients had hypertension, 9 (12.9%) were obese, 1 (1.4%) had diabetes, 5 (7.1%)
smoked, 2 (2.9%) had eGFR values < 60 mL/min/1.73 m2, and 1 (1.4%) had atrial �brillation.
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Analysis of longitudinal changes with cancer therapy
All patients

Effects of chemotherapy on hematological parameters and on renal and liver function parameters in all
patients are shown in supplemental Table S2.

Effects of chemotherapy on echocardiographic parameters and biomarkers are shown in Table 1. Of
interest, left atrial volume index (LAVI) and LV end-diastolic and systolic volume indexes as determined by
3D echocardiography increased at visit 2 versus baseline, and a relative reduction of GLS at visit 2 was
observed compared with baseline and visit 1 (Table 1). In addition, levels of NT-proBNP, hs-TnT, sST2 and
VCAM-1 were increased at visit 1 as compared with baseline (Table 1, Fig. 1B). At visit 2, NT-proBNP, hs-
TnT and VCAM-1 remained elevated and PICP increased as compared with baseline (Table 1, Fig. 1B).
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Table 1
Longitudinal changes in echocardiographic parameters and in biomarkers

  Baseline Visit 1 Visit 2

Echocardiographic parameters      

2D Echocardiography and M mode    

LVMI, g/m2 64.5 ± 14.0 70.2 ± 17.2* 67.5 ± 16.3

LVH (LVMI > 95 g/m2), n (%) 2 (2.9) 7 (10.0) 6 (8.6)

RWT 0.36 ± 0.08 0.37 ± 0.07 0.36 ± 0.08

LVEDVi, mL/m2 54.6 ± 14.5 55.6 ± 14.4 56.9 ± 14.6

LVEF, % 63.9 ± 5.0 64.9 ± 4.4 63.4 ± 5.5

E:A ratio 1.13 ± 0.35 1.10 ± 0.39 1.08 ± 0.30

DT, ms 208 ± 42.8 197 ± 43.4 200 ± 31.1

LAVI, mL/m2 18.8 ± 5.9 19.8 ± 8.2 21.4 ± 6.6*

Tissue Doppler      

E:e’ ratio 6.8 ± 1.9 7.3 ± 2.3 7.1 ± 1.5

Speckle tracking      

GLS, % -20.6 ± 2.0 -20.2 ± 2.4* -19.4 ± 2.4†‡

3D Echocardiography      

LVEDVi, mL/m2 47.4 ± 9.3 52.0 ± 10.3† 50.6 ± 10.7*

LVESVi, mL/m2 17.7 ± 4.6 19.2 ± 4.9* 19.9 ± 6.1†

LVEF, % 62.5 ± 5.7 62.9 ± 4.5 61.9 ± 6.0

LVMI means left ventricular (LV) mass index; LVH, LV hypertrophy; RWT, relative wall thickness;
LVEDVi, LV end-diastolic volume index; E, maximum early transmitral �ow velocity in diastole; A,
maximum late transmitral �ow velocity in diastole; DT, deceleration time; LAVI, left atrial volume index;
e’, maximum early diastolic velocity of the mitral annulus displacement; GLS, global longitudinal
strain; LVESVi, LV end-systolic volume index; LVEF, LV ejection fraction. NT-proBNP, amino-terminal
pro-brain natriuretic peptide; hs-TnT, high sensitivity troponin T; sST2, soluble suppression of
tumourigenicity-2; VCAM-1, vascular cell adhesion molecule-1; PICP, procollagen type I C-terminal
propeptide; CITP, collagen type I C-terminal telopeptide; MMP-1, matrix metalloproteinase-1.

Quantitative variables are expressed as mean ± SD and categorical variables as number (percentage).
*P < 0.05 vs basal, †P < 0.01 vs basal, ‡P < 0.05 vs visit 1, §P < 0.01vs visit 1.

||P values in the biomarker analyses were adjusted according to the Benjamini and Hochberg multiple-
test correction (5% FDR).
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  Baseline Visit 1 Visit 2

Biomarkers||      

Cardiomyocyte stress/damage      

NTproBNP, pg/mL 40.2 (22.9–64.3) 65.2 (42.9–118)† 58.7 (33.3–100)†

hs-TnT, ng/L 3.0 (3.0-4.5) 8.3 (3.7–11.0)† 7.5 (4.6–11.0)†

Myocardial stress      

Galectin 3, ng/mL 12.8 (11.2–14.7) 12.0 (10.8–14.8) 12.3 (10.6–15.0)

sST2, ng/mL 1184 (969–1539) 1613 (1098–3013) † 1102 (893–1429)§

Endothelial dysfunction      

VCAM-1, ng/mL 877 (740–1106) 949 (782–1156)* 966 (789–1183)*

Myocardial �brosis      

PICP, ng/mL 72.6 (59.5–87.5) 64.7 (54.8–74.0) 89.9 (70.9–120) †§

CITP:MMP-1 ratio 1.5 (1.2–3.1) 2.1 (1.1–3.7) 2.1 (1.4–3.8)

LVMI means left ventricular (LV) mass index; LVH, LV hypertrophy; RWT, relative wall thickness;
LVEDVi, LV end-diastolic volume index; E, maximum early transmitral �ow velocity in diastole; A,
maximum late transmitral �ow velocity in diastole; DT, deceleration time; LAVI, left atrial volume index;
e’, maximum early diastolic velocity of the mitral annulus displacement; GLS, global longitudinal
strain; LVESVi, LV end-systolic volume index; LVEF, LV ejection fraction. NT-proBNP, amino-terminal
pro-brain natriuretic peptide; hs-TnT, high sensitivity troponin T; sST2, soluble suppression of
tumourigenicity-2; VCAM-1, vascular cell adhesion molecule-1; PICP, procollagen type I C-terminal
propeptide; CITP, collagen type I C-terminal telopeptide; MMP-1, matrix metalloproteinase-1.

Quantitative variables are expressed as mean ± SD and categorical variables as number (percentage).
*P < 0.05 vs basal, †P < 0.01 vs basal, ‡P < 0.05 vs visit 1, §P < 0.01vs visit 1.

||P values in the biomarker analyses were adjusted according to the Benjamini and Hochberg multiple-
test correction (5% FDR).

Patients categorized according to the presence of subclinical cardiotoxicity at visit 2

Fourteen patients (20.0%) exhibited subclinical cardiotoxicity at visit 2. Supplemental Table S1 shows the
baseline clinical characteristics of patients classi�ed according to the absence or presence of subclinical
cardiotoxicity at visit 2. No clinically relevant differences were observed between the two groups of
patients at baseline (Supplemental Table S1).

Differences at visit 1 and visit 2 in hematological, renal and liver function parameters between patients
with and without subclinical cardiotoxicity are shown in supplemental Table S3. Of interest, patients with
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subclinical cardiotoxicity at visit 2 exhibited lower hemoglobin and hematocrit values at visit 1 than the
remaining patients (P for interaction ≤ 0.018).

Differences at visit 1 and visit 2 in echocardiographic parameters and biomarkers between patients with
and without subclinical cardiotoxicity at visit 2 are shown in Table 2. Of interest, patients with subclinical
cardiotoxicity exhibited higher PICP levels at visit 2 as compared with the remaining patients (P for
interaction < 0.001) (Table 2 and Fig. 2A). No other interactions were found signi�cant for the remaining
biomarkers (Table 2).



Page 12/30

Table 2
Differences in echocardiographic parameters and in biomarkers after treatment with

epirubicin/cyclophosphamide (visit 1) followed by treatment with taxanes (visit 2) in patients categorized
according to the absence or presence of subclinical cardiotoxicity at visit 2.

  Difference vs no cardiotoxicity P for
interaction

  Visit 1   Visit 2

  Difference 95%
CI

P
value

  Difference 95%
CI

P
value

Echocardiographic parameters              

2D Echocardiography and M
mode

             

LVMI, g/m2 -4.29 -14.3
to
5.68

0.40   -0.31 -10.0
to
9.40

0.95 0.41

RWT 0.02 -0.02
to
0.06

0.37   0.02 -0.04
to
0.07

0.54 0.69

LVEDVi, mL/m2 -2.40 -12.0
to
7.19

0.62   -0.65 -10.6
to
9.27

0.90 0.59

LVEF, % 0.19 -2.30
to
2.67

0.88   -1.46 -4.65
to
1.73

0.37 0.57

E:A ratio 0.04 -0.19
to
0.27

0.75   0.002 -0.14
to
0.14

0.98 0.78

DT, ms -7.63 -28.0
to
12.7

0.46   5.46 -11.6
to
22.5

0.53 0.55

LAVI, mL/m2 -1.68 -5.63
to
2.27

0.40   -3.24 -7.66
to
1.18

0.15 0.61

Tissue Doppler                

E:e’ 0.31 -0.80
to
1.41

0.59   0.08 -0.59
to
0.75

0.81 0.85

Speckle tracking                

Abbreviations as in Table 1.*Signi�cant after Benjamini and Hochberg multiple-test correction (5%
FDR) in the biomarker analyses
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  Difference vs no cardiotoxicity P for
interaction

  Visit 1   Visit 2

  Difference 95%
CI

P
value

  Difference 95%
CI

P
value

GLS, % 0.57 -0.32
to
1.45

0.21   4.07 3.15
to
4.99

< 
0.001

< 0.001

3D
Echocardiography

               

LVEDVi, mL/m2 -3.07 -9.03
to
2.88

0.31   3.26 -2.24
to
8.77

0.25 0.06

LVESVi, mL/m2 -1.93 -4.55
to
0.70

0.15   1.91 -1.40
to
5.21

0.26 0.049

LVEF, % 1.73 -1.31
to
4.78

0.27   -4.69 -9.86
to
0.47

0.08 0.001

Biomarkers (log2)                

Cardiomyocyte
stress/damage

               

NTproBNP, pg/mL 0.49 -0.02
to
1.00

0.06   0.44 -0.10
to
0.99

0.11 0.53

hs-TnT, ng/L -0.03 -0.70
to
0.64

0.93   0.13 -0.32
to
0.59

0.56 0.82

Myocardial stress                

Galectin 3, ng/mL 0.004 -0.19
to
0.20

0.97   -0.03 -0.31
to
0.25

0.82 0.92

sST2, ng/mL 0.27 -0.32
to
0.85

0.37   -0.06 -0.35
to
0.24

0.71 0.54

Endothelial
dysfunction

               

Abbreviations as in Table 1.*Signi�cant after Benjamini and Hochberg multiple-test correction (5%
FDR) in the biomarker analyses
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  Difference vs no cardiotoxicity P for
interaction

  Visit 1   Visit 2

  Difference 95%
CI

P
value

  Difference 95%
CI

P
value

VCAM-1, ng/mL 0.005 -0.10
to
0.11

0.93   0.10 -0.10
to
0.30

0.32 0.39

Myocardial �brosis                

PICP, ng/mL -0.12 -0.34
to
0.09

0.26   0.57 0.27
to
0.87

< 
0.001*

< 0.001*

CITP, ng/mL 0.10 -0.22
to
0.42

0.54   0.24 -0.08
to
0.57

0.14 0.45

CITP:MMP-1 ratio -0.34 -0.81
to
0.13

0.15   -0.08 -0.65
to
0.48

0.77 0.62

Abbreviations as in Table 1.*Signi�cant after Benjamini and Hochberg multiple-test correction (5%
FDR) in the biomarker analyses

Of the 14 patients with subclinical cardiotoxicity at visit 2, three patients presented a reduction of LVEF > 
10% versus baseline to a value lower than 53% and 4 patients exhibited LVEF reductions > 15% as
compared with baseline. Of interest, these patients exhibited higher PICP levels at visit 2 (mean [95%CI]:
175 [103–208] ng/mL) as compared with patients without cardiotoxicity (86.5 [70.2–113] ng/mL)
(Difference values [log2] = 0.66 [95%CI :0.24 to 1.09], P for interaction = 0.002).

Analyses of associations
Univariable linear relationships between levels of the biomarkers that showed variations across visits and
all echocardiographic parameters were evaluated in all patients (Supplemental Table S4). Of interest, NT-
proBNP, hs-TnT, VCAM-1 and PICP exhibited a direct association with a relative reduction of GLS along
chemotherapy (Supplemental Table S4).

To identify factors independently associated with the relative reduction of GLS, we conducted
multivariable linear mixed regression analyses including all characteristics associated with this
echocardiographic parameter (de�ned as P ≤ 0.10 in univariable analysis) as shown in Table 3. The �nal
model revealed that, along with NT-proBNP, a progressive increment in PICP levels is an independent
signi�cant predictor of the relative reduction of GLS over the course of chemotherapy (Fig. 2B, Table 3).
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Table 3
Univariable and multivariable linear mixed model analyses for the associations with global longitudinal

strain

  Univariable   Multivariable

  Estimate (95%CI) P
value

  Estimate (95%CI) P
value

Age, years 0.02 (-0.02 to 0.06) 0.34      

BMI, kg/m2 0.11 (0.02 to 0.19) 0.011   0.04 (-0.06 to
0.15)

0.38

Left breast, yes/no -0.17 (-1.06 to 0.73) 0.71      

Ki67, % -0.003 (-0.02 to 0.02) 0.76      

ER and/or PR positive, yes/no -0.21 (-1.28 to 0.86) 0.70      

TNM Stages -0.03 (-0.26 to 0.21) 0.83      

≥Median cumulative dose,
yes/no

         

Epirubicin ≥ 377 mg/m2 -0.83 (-1.69 to 0.04) 0.061   -0.30 (-1.22 to
0.62)

0.52

Cyclophosphamide ≥ 
3820 mg/m2

1.03 (0.18 to 1.89) 0.017   1.05 (0.17 to
1.92)

0.020

Paclitaxel, yes/no -0.06 (-1.24 to 1.12) 0.92      

Other treatments, yes/no          

Carboplatin 0.03 (-0.89 to 0.95) 0.95      

Trastuzumab ± Pertuzumab -0.27 (-1.27 to 0.73) 0.59      

Surgery 0.48 (-0.35 to 1.31) 0.26      

Radiotherapy 1.11 (-0.02 to 2.24) 0.054   0.32 (-0.93 to
1.57)

0.62

Comorbidities, yes/no          

Hypertension 1.27 (0.06 to 2.49) 0.040   -0.11 (-1.33 to
1.11)

0.86

Obesity 0.98 (-0.06 to 2.02) 0.064      

BMI means body mass index; ER, estrogen receptor; PR, progesterone receptor; HER2, human
epidermal growth factor receptor 2; eGFR, estimated glomerular �ltration rate; AST, aspartate
aminotransferase; ALT, alanine aminotransferase; GGT, gamma glutamyltransferase; ALP, alkaline
phosphatase. Other abbreviations as in Table 1.
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  Univariable   Multivariable

Dyslipemia 1.42 (0.14 to 2.71) 0.030   0.33 (-0.81 to
1.47)

0.57

Current smoking 0.57 (-0.85 to 1.99) 0.43      

Hematological parameters          

Hemoglobin, g/dL -0.11 (-0.24 to 0.03) 0.11      

Hematocrit, % -0.05 (-0.10 to 0.008) 0.022   0.01 (-0.06 to
0.07)

0.90

Platelets, 109/L -0.001 (-0.005 to
0.002)

0.42      

Leukocytes (log2), 109/mL -0.41 (-0.97 to 0.14) 0.14      

Neutrophils, % 0.007 (-0.01 to 0.02) 0.40      

Lymphocytes, % -0.02 (-0.04 to 0.002) 0.09   -0.01 (-0.04 to
0.02)

0.45

Monocytes, % 0.02 (-0.03 to 0.07) 0.47      

Renal function parameters          

eGFR, mL/min/1.73 m2 -0.01 (-0.03 to 0.01) 0.14      

Liver function parameters          

AST (log2), IU/L 0.18 (-0.46 to 0.81) 0.59      

ALT (log2), IU/L 0.11 (-0.27 to 0.49) 0.58      

GGT (log2), IU/L -0.02 (-0.24 to 0.20) 0.86      

ALP (log2), IU/L 0.66 (0.12 to 1.20) 0.017   0.10 (-0.67 to
0.86)

0.80

Baseline GLS ≥-17% 3.59 (2.98 to 4.19) < 
0.001

  2.98 (1.33 to
4.62)

< 
0.001

Biomarkers          

NT-proBNP (log2), pg/mL 0.35 (0.10 to 0.60) 0.006   0.31 (0.006 to
0.61)

0.046

BMI means body mass index; ER, estrogen receptor; PR, progesterone receptor; HER2, human
epidermal growth factor receptor 2; eGFR, estimated glomerular �ltration rate; AST, aspartate
aminotransferase; ALT, alanine aminotransferase; GGT, gamma glutamyltransferase; ALP, alkaline
phosphatase. Other abbreviations as in Table 1.
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  Univariable   Multivariable

hs-TnT (log2), ng/L 0.34 (0.05 to 0.64) 0.024   0.21 (-0.15 to
0.56)

0.26

VCAM (log2), ng/mL 1.06 (0.20 to 1.92) 0.016   0.57 (-0.39 to
1.52)

0.24

PICP (log2), ng/mL 0.94 (0.43 to 1.45) < 
0.001

  0.97 (0.43 to
1.51)

< 
0.001

BMI means body mass index; ER, estrogen receptor; PR, progesterone receptor; HER2, human
epidermal growth factor receptor 2; eGFR, estimated glomerular �ltration rate; AST, aspartate
aminotransferase; ALT, alanine aminotransferase; GGT, gamma glutamyltransferase; ALP, alkaline
phosphatase. Other abbreviations as in Table 1.

The associations of biomarker values at baseline or interval changes across visits with subclinical
cardiotoxicity at visit 2 were estimated by univariable logistic regression analyses (Table S5). As shown
in the table, only the increments in PICP between baseline and visit 2 and between visit 1 and visit 2 were
signi�cantly associated with subclinical cardiotoxicity (Table S5). Speci�cally, there was more than a 3-
fold increase in the risk of subclinical cardiotoxicity for each increase in 1 SD of PICP change at visit 2
versus baseline (which corresponded to a PICP increment of 58%) or versus visit 1 (which corresponded
to a PICP increment of 65%). Of note, the associations between PICP changes (per 1SD) and the risk of
subclinical cardiotoxicity were independent of the declines at visit 1 in hemoglobin (visit 2 vs baseline:
OR = 4.42[95%CI: 1.70–11.5], P = 0.002; visit 2 vs visit 1: OR = 5.14[95%CI: 2.02–13.1], P = 0.001) and in
the hematocrit percentage (visit 2 vs baseline: OR = 4.55[95%CI: 1.64–12.6], P = 0.004; visit 2 vs visit 1:
OR = 5.52[95%CI: 1.99–15.3], P = 0.001), as the only parameters exhibiting signi�cant interactions with
subclinical cardiotoxicity (Table S3).

ROC analyses showed signi�cant diagnostic performances for PICP increments at visit 2 vs baseline or a
visit 2 vs visit 1 to predict subclinical cardiotoxicity (visit 2 vs baseline: AUC = 0.800 [95%CI: 0.639–0.960],
P = 0.001; visit 2 vs visit 1: AUC = 0.819 [95%CI: 0.687–0.951], P < 0.001) (Figure S1), with cut-off values
of 65.3% (79% sensitivity, 82% speci�city) and of 105% (64% sensitivity, 87% speci�city) respectively. In
addition, PICP increments at visit 2 vs baseline predicted cardiotoxicity as assessed by a decrease in
LVEF (AUC = 0.805 [95%CI: 0.586-1.0], P = 0.008).

Study 2: Patients with HF

Characteristics of patients at baseline
As shown in supplemental Table S6, all HF etiology groups were matched for age, sex, body mass index,
potassium levels, eGFR, NYHA class, HF duration, number of previous hospitalizations, LVEF, and NT-
proBNP levels. ACC-HF patients exhibited lower prevalence of atrial �brillation as compared with HHD
and VHD groups, and lower prevalence of hypercholesterolemia and frequency of treatment with statins
and nitrates compared with patients with IHD. As for the remaining clinical characteristics, ACC-HF
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patients were matched with all groups (Supplemental Table S6). Of interest, PICP levels were similar in all
HF etiologies (Supplemental Table S6).

Analysis of associations
Univariable linear relationships showed that NT-proBNP and PICP exhibited inverse associations with
LVEF in ACC-HF patients (Table 4). Of interest, PICP association with LVEF in these patients was
independent of NT-proBNP levels (Table 4). In addition, whereas NT-proBNP was inversely associated with
LVEF also in HF patients of DCM and HHD origin, no other association was found between PICP and
LVEF in the remaining HF etiologies (Table 4).
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Table 4
Associations between NT-proBNP, PICP and LVEF

  LVEF, %

  Estimate 95% CI R2 P value

Independent variables        

NT-proBNP (log2), ng/mL        

Etiologies        

IHD -0.70 -2.39 to 1.00 0.01 0.41

DCM -1.05 -2.09 to -0.004 0.05 0.049

HHD -3.48 -5.84 to -1.12 0.17 0.005

VHD -1.05 -3.03 to 0.92 0.03 0.29

Others 0.03 -1.80 to 1.85 < 0.001 0.98

ACC-HF -2.80 -4.44 to -1.17 0.26 0.001

PICP (log2), ng/mL        

Etiologies        

IHD -0.42 -4.49 to 3.65 < 0.01 0.84

DCM 1.16 -3.45 to 5.77 < 0.01 0.62

HHD -0.14 -10.7 to 10.4 < 0.01 0.98

VHD -3.41 -10.2 to 3.42 0.02 0.32

Others 1.77 -4.39 to 7.92 < 0.01 0.57

ACC-HF -10.5 -17.4 to -3.66 0.22 0.004*

NT-proBNP means N-terminal pro–B-type natriuretic peptide; PICP, procollagen type I C-terminal
propeptide; LVEF, left ventricular ejection fraction; IHD, ischemic heart disease; DCM, diabetic
cardiomyopathy; HHD, hypertensive heart disease; VHD, valvular heart disease; ACC-HF, anthracycline-
based chemotherapy-induced heart failure.

*P = 0.022 after adjustment by NT-proBNP (Estimate [95%CI]= -7.77 [-14.4 to -1.18]; model R2 = 0.36)

Analysis of LVEF longitudinal changes over one year
LVEF was measured at 12 months after recruitment in 33 ACC-HF patients. These patients were
categorized according to baseline PICP tertiles in patients with low (1st tertile: <100 ng/mL, n = 11),
medium (2nd tertile: 100–129 ng/mL, n = 11) and high (3rd tertile: >129 ng/mL, n = 11) PICP levels. As
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shown in Fig. 3, baseline LVEF-adjusted analyses revealed that, after one year, LVEF improved in patients
with low or medium PICP but remained unchanged in those with high PICP levels at baseline.

Study 3: In vitro �ndings

In a �rst step, dose-response curves were performed for doxorubicin, cyclophosphamide, paclitaxel and
trastuzumab in HDFs. Concentrations with signi�cant submaximal effects on cell viability and
procollagen type-I mRNA expression, and two lower doses, were chosen for each agent to be tested in
HCFs (Supplemental Figure S2). As shown in supplemental Table S7, all agents decreased the number of
cells and increased SMA mRNA expression as compared with control in HCFs. In addition, doxorubicin,
cyclophosphamide and trastuzumab, but not paclitaxel, increased the expression of procollagen type-I
mRNA as compared with control (Fig. 4A-C). Moreover, these three compounds increased the expression
of PCP and increased the extracellular protein levels of collagen and PICP (Fig. 4D-F), as well as LOX
activity (Supplemental Table S7). Finally, doxorubicin and cyclophosphamide increased the expression of
PCPE, and cyclophosphamide and trastuzumab increased LOX mRNA expression, as compared with
control (Supplemental Table S7).

Discussion
The major �ndings of this study are the following: 1) In patients with breast cancer there was a relative
GLS reduction accompanied by increments in serum NT-proBNP, hs-TnT, VCAM-1 and PICP after 6
months-chemotherapy, without changes in the remaining biomarkers; 2) PICP increment after
chemotherapy was more pronounced in the subset of patients who developed subclinical cardiotoxicity;
3) Levels of PICP were directly and independently associated with the relative GLS reduction over the
course of chemotherapy; 4) Levels of PICP were inversely associated with LVEF in ACC-HF patients; 5)
High levels of PICP at baseline were associated with lack of LVEF improvement after 12 months in ACC-
HF patients; and 6) the cardiotoxic agents doxorubicin, cyclophosphamide and trastuzumab stimulated
the differentiation of HCFs to a myo�broblast collagen-synthesizing phenotype. To our knowledge, this is
the �rst study evaluating the effects of cancer chemotherapy on myocardial collagen, as assessed non-
invasively by using circulating biomarkers associated with histologically-proven MIF. In addition, to the
best of our knowledge, this is the �rst time that the effects of chemotherapy agents on collagen
metabolism have been evaluated in HCFs.

It has been widely demonstrated that NT-proBNP and hs-TnT levels increase during cancer therapy,
although their utility for cardiotoxicity prediction has been recently questioned [19, 23–25]. In this study,
we have reported chemotherapy-induced increments in these biomarkers associated with a reduction of
LV contractility, although the association shown by hs-TnT was not independent of confounding factors.
On the other hand, con�icting results have been shown regarding longitudinal changes in circulating
VCAM-1, galectin-3 and sST2 during cancer treatment[23, 25, 26], thus further studies are necessary to
con�rm the in�uence of oncologic therapy on the serum levels of these proteins. The current study is the
�rst to report that anthracycline-based-chemotherapy for breast cancer increases the circulating levels of
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a biomarker that re�ects increased collagen deposition in the myocardium [16], being this increase
particularly evident in patients developing subclinical cardiotoxicity. In addition, we have found an
association between biomarker-assessed myocardial collagen content and a reduction of LV contractility
along chemotherapy, independently of relevant clinical factors including chemotherapy cumulative doses
and biomarkers of cardiomyocyte damage. Importantly, this association between biomarker-assessed
MIF and decreased LV contractility was further con�rm in patients with ACC-HF. Even more, longitudinal
pilot observations in these patients suggest that the degree of MIF at baseline may in�uence evolution of
LV function over time.

These �ndings reinforce the notion that, not only the cardiomyocyte injury, but also the presence of MIF
seems to be relevant for the impairment of LV contractile function in cancer patients treated with
anthracycline-based chemotherapy [7]. Mechanistically, these effects combined may result in larger
accumulation of collagen encircling cardiac muscle with reduced functionality, further restricting the
stretching of muscle �bers and impairing the direct cell-to-cell communication necessary for synchronous
activation of cardiomyocytes [27]. In this regard, several studies demonstrate a detrimental effect of MIF
on the deformation of the LV wall (i.e. reduced GLS), in experimental models [28] and in patients with
different cardiomyopathies [29–32]. Of notice, the PICP levels here observed in breast cancer patients
with cardiotoxicity and in patients with ACC-HF were similar to those found in hypertensive heart failure
patients with severe MIF [33]. It is also important to acknowledge the potential in�uence of a systemic
reparative response after ACC treatment on the levels of serum PICP, with activation of �brotic processes
in organs other than the heart. In this regard, it has been shown that anti-cancer therapies may cause
arterial stiffness, with increased collagen production suggested as a potential mechanism, among others,
underlying this vascular alteration [34, 35]. Since arterial stiffness contributes to LVD, we cannot discard
that the association found between PICP with LVD in ACC-treated patients is re�ecting the combined
interaction of cardiac and vascular �brosis.

Although several studies have reported pro�brotic effects of anthracyclines, cyclophosphamide,
paclitaxel and trastuzumab in the myocardium of experimental models of cardiotoxicity [8–14], and in
rodent cardiac �broblasts [9, 11], the role of these agents in HCFs has not been characterized. In this
regard, we describe that doxorubicin, cyclophosphamide and trastuzumab stimulated the differentiation
to a myo�broblast collagen-synthesizing phenotype, including enhanced presence of PICP in the
extracellular medium. Therefore, we may speculate that cardiotoxic agents used to treat breast cancer
may directly stimulate HCFs differentiation and collagen �ber synthesis and deposition. In this regard, it
has been suggested that the anthracycline pro�brotic effects are mediated through substance P, ROS,
STAT3 and atypical G protein Gβ5-related mechanisms [9, 11]. In addition, cyclophosphamide has been
shown to induce human lung �broblasts premature senescence by activating the MAP kinase signaling
pathway [36]. Whether these pathways are involved in the pro-�brotic actions exerted by these agents in
HCFs require further studies.

Some limitations of the present study must be acknowledged. First, small sample size may have
constrained statistical power to detect differences in the different biomarkers assessed in patients with
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breast cancer, and preclude from adequately assess the impact of potential confounders in the
association and longitudinal analyses in ACC-HF patients. Second, there is lack of follow-up information
beyond the considered treatment period in patients with breast cancer, but long-term follow-up is planned
and ongoing. Third, serum samples after 1-year follow-up were not available to measure PICP in ACC-HF
patients. Fourth, our data cannot be extrapolated to oncologic patients treated with other anti-cancer
drugs different from those evaluated in this study. Fifth, because they are descriptive in nature, the
associations found between PICP and cardiotoxicity do not establish causality. Finally, we cannot discard
extra-cardiac sources of PICP. In this regard, determining the extracellular volume fraction in the
myocardium by means of cardiac magnetic resonance could have enriched the description of the
in�uence of myocardial �brosis on PICP serum levels in ACC-treated patients.

In summary, this study shows for the �rst time that the circulating biomarker of myocardial collagen type-
I deposition, PICP, is elevated in the blood of women receiving breast cancer anthracycline-based
chemotherapy. In addition, we report that PICP increment is particularly pronounced in those patients with
signs of early LV dysfunction, being the levels of this peptide directly and independently associated with
a reduction of LV contractility along chemotherapy. Moreover, we con�rm the association of PICP with LV
contractile dysfunction in patients with ACC-HF, with high levels of this peptide associated with a lack of
improvement in LV contractility over time. Finally, we show for the �rst time that anthracyclines,
cyclophosphamide and trastuzumab exert pro�brotic actions, particularly increasing collagen type-I
synthesis, in HCFs. These results provide additional evidence for MIF as a cardiotoxic side-effect of
anthracycline-based breast cancer treatment, and allow us to speculate that this lesion may be a
pathophysiological mechanism underlying LVD in these patients. Finally, these preliminary �ndings
should be considered in the context of a pilot hypothesis-generating study supporting the need of further
studies designed to evaluate the prognostic potential of PICP, either by itself or combined with other
biomarkers of myocardial remodeling, to monitor cardiotoxicity in larger cohorts of patients under
chemotherapy.
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Figure 1

Study protocol and relative changes in biomarkers in patients with breast cancer. A, The diagram depicts
the study protocol. Patients with breast cancer were studied before chemotherapy, after treatment with
epirubicin/cyclophosphamide at 3 months (visit 1) and after treatment with taxanes (with or without anti-
HER2 therapy) at 6 months (visit 2). The echocardiograms and biomarkers were evaluated at baseline, at
visit 1 and at visit 2. B, Relative changes in biomarker levels with respect to baseline in patients with
breast cancer at visit 1 and visit 2. Data are expressed as mean values and 95% con�dence interval at
visit 1 and visit 2. *P<0.01 vs baseline, **P<0.001 vs baseline, †P<0.05 vs visit 1, ††P<0.001 vs visit 1
(Linear mixed regression adjusted by baseline biomarker levels, followed by pairwise contrast tests with a
Bonferroni’s-corrected p value and Benjamini and Hochberg multiple test correction). NT-proBNP, amino-
terminal pro-brain natriuretic peptide; hs-TnT, high sensitivity troponin T; sST2, soluble suppression of
tumourigenicity-2; VCAM-1, vascular cell adhesion molecule-1; PICP, procollagen type I C-terminal
propeptide.
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Figure 2

Procollagen type I C-terminal propeptide (PICP) levels and early left ventricular dysfunction in patients
with breast cancer. A, PICP circulating levels at baseline and after treatment with
epirubicine/cyclophosphamide at 3 months (visit 1) followed by treatment with taxanes (with or without
anti-HER2 therapy) at 6 months (visit 2), according to absence or presence of subclinical cardiotoxicity at
visit 2. Data are expressed as the predicted mean values (estimated marginal means of visits by group)
and 95% con�dence interval (CI) at baseline, visit 1 and visit 2 after linear mixed regression analysis with
PICP as the dependent variable, and subclinical cardiotoxicity at visit 2, visit, their interaction term, and
PICP baseline values as �xed effects. *P<0.001 vs baseline and visit 1. B. Association of PICP with global
longitudinal strain (GLS) (solid black line) and 95% con�dence intervals (color shade) along treatment
after multivariable linear mixed regression with adjustment for body mass index, cyclophosphamide and
epirubicine doses, radiotherapy schedule, hypertension, dyslipemia and DGL levels≥-17% at baseline, and
hematocrit, number of lymphocytes, alkaline phosphatase levels, NT-proBNP, VCAM and hs-TnT. The plot
depicts the marginal effect of PICP on DGL when log2-transformed PICP is �t in the basal model.
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Figure 3

Procollagen type I C-terminal propeptide (PICP) levels at baseline and 1-year changes in left ventricular
ejection fraction (LVEF) in patients with heart failure attributed to anthracycline-based cancer
chemotherapy (ACC-HF). Violin plots depict LVEF at baseline and after 12-months follow-up in ACC-HF
patients categorized according to tertiles of baseline PICP. Red dots are individual values, horizontal lines
indicate medians and boxes indicate interquartile ranges (linear mixed regression adjusted by LVEF basal
values followed by pairwise contrast tests with a Bonferroni’s-corrected p value).
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Figure 4

Cancer chemotherapy agents activate collagen metabolism in human cardiac �broblasts. Dot plots
represent fold changes in procollagen type I mRNA expression and in the extracellular procollagen type I
C-terminal propeptide (PICP) content in human cardiac �broblasts stimulated with or without 5, 50 and
250 nM of doxorubicin (A,B, respectively; n=5-9,), 10, 50 and 100 μg/mL of cyclophosphamide (C,D,
respectively; n=7) and 0.1, 0.5 and 1 μg/mL of trastuzumab (E,F, respectively; n=6). Horizontal lines
represent the mean (one-way ANOVA followed by Bonferroni or Tamhane's T2 [if inequality of variances]
post hoc tests).
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