
 

1 
 

 

CARDIAC ANTHRACYCLINE ACCUMULATION AND B-TYPE NATRIURETIC 

PEPTIDE TO DEFINE RISK AND PREDICTORS OF CANCER TREATMENT RELATED 

EARLY DIASTOLIC DYSFUNCTION 

 

 

 

Giorgio Minotti, Emanuela Salvatorelli, Giorgio Reggiardo, Fabio Mangiacapra, Massimiliano 

Camilli, and Pierantonio Menna 

Departments of Medicine (GM, ES, FM), and Sciences and Technologies for Humans and the 

Environment (PM), Campus Bio-Medico University and Fondazione Policlinico Universitario, 

Rome; Consortium for Biological and Pharmacological Assessments, Pavia; Cardiovascular and 

Thoracic Sciences, Fondazione Policlinico Universitario A. Gemelli IRCCS, Rome (MC). 

 

 

Corresponding author: 

Giorgio Minotti, MD  

Department of Medicine 

University Campus Bio-Medico 

Via Alvaro del Portillo 21 

00128 Rome-ITALY 

Phone: +39-06-225419109 

Fax: +39-06-22541456 

g.minotti@unicampus.it 

  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 24, 2022 as DOI: 10.1124/jpet.122.001101

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 24, 2022 as DOI: 10.1124/jpet.122.001101

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 24, 2022 as DOI: 10.1124/jpet.122.001101

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 24, 2022 as DOI: 10.1124/jpet.122.001101

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 24, 2022 as DOI: 10.1124/jpet.122.001101

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 24, 2022 as DOI: 10.1124/jpet.122.001101

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 24, 2022 as DOI: 10.1124/jpet.122.001101

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 24, 2022 as DOI: 10.1124/jpet.122.001101

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 24, 2022 as DOI: 10.1124/jpet.122.001101

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/
http://jpet.aspetjournals.org/
http://jpet.aspetjournals.org/
http://jpet.aspetjournals.org/
http://jpet.aspetjournals.org/
http://jpet.aspetjournals.org/
http://jpet.aspetjournals.org/
http://jpet.aspetjournals.org/
http://jpet.aspetjournals.org/


 

2 
 

RUNNING TITLE PAGE 

 

RUNNING TITLE: Cancer treatment and risk of diastolic dysfunction 

CORRESPONDING  AUTHOR ADDRESS:   

                      Giorgio Minotti 

                      Department of Medicine 

                      University Campus Bio-Medico 

                      Via Alvaro del Portillo, 21  

                      00128 Rome - ITALY 

                      TELEPHONE:  011-39-06-225419109 

                      FAX:  011-39-06-22541456 

                      E-MAIL:  g.minotti@unicampus.it 

 

NUMBER OF TEXT PAGES: 18 

NUMBERS OF TABLES:  2 

NUMBER OF FIGURES:  7 

NUMBER OF REFERENCES:  34 

NUMBER OF WORDS    Abstract: 239 

                                             Significance statement: 76 

                                             Introduction: 331 

                                             Discussion: 1343 

NONSTANDARD ABBREVIATIONS: HF, heart failure; LVEF, left ventricular ejection fraction; 

CV, cardiovascular; DD, diastolic dysfunction; E/A, mean ratio of peak early filling (E wave) to 

late diastolic filling (A wave); DT, mean deceleration time of early filling velocity; BNP, B-type 

natriuretic peptide (BNP); Nt-proBNP, aminoterminal fragment of BNP prohormone; SBP, systolic 

blood pressure; DBP, diastolic blood pressure; HR, heart rate; BMI, body mass index; ROC, 

receiver operator characteristics; Css, steady state concentration. 

 

RECOMMENDED SECTION ASSIGNMENT : Cardiovascular 

  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 24, 2022 as DOI: 10.1124/jpet.122.001101

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 

3 
 

 

ABSTRACT 

Diastolic dysfunction (DD) was reported to precede heart failure (HF) in cancer patients 

treated with chemotherapy.  We aimed at defining risk versus dose relationships and risk predictors 

in cancer patients treated mainly with anthracyclines. Data from 67 comorbid-free patients (60 

treated with anthracyclines, 7 with nonanthracycline chemotherapy) were retrospectively 

incorporated in a mathematical function that correlated DD risk with experimental indices of 

anthracycline accumulation in human myocardium. Risk was calculated for all patients and for 

subgroups stratified by intertreatment levels of the endogenous cardiac relaxant agent, B-type 

natriuretic peptide (BNP). Grade I DD (impaired relaxation) occurred in 14/67 patients and 5% risk 

doses were much lower for DD than HF (mg of anthracycline/m
2
: 210 versus 470 or 190 versus 450 

for all patients or anthracycline-treated patients in isolation, respectively, P=<0.01 for DD versus 

HF). Patients with transient BNP elevations showed the lowest 5% risk dose (150 mg/m
2
) while 

patients with persistent elevations showed the highest risk  dose (280 mg/m
2
, P<0.05). Patients with 

or without DD were similar for systemic and cardiac exposure to anthracyclines; however, high risk 

patients with transient BNP elevations and DD were older and presented at baseline with lower 

indices of transmitral flow. In conclusion, DD risk develops after lower anthracycline doses than 

HF and intertreatment levels of BNP help to identify patients with high or low DD risk. These 

findings are of potential value to monitor or treat the cancer patient at risk of DD.  

 

Key words  Cardiotoxicity, diastolic dysfunction, natriuretic peptide, risk prediction, models. 
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 SIGNIFICANCE  STATEMENT 

Diastolic dysfunction (DD) is an early manifestation of cardiotoxicity from anthracyclines 

and nonanthracycline chemotherapeutics. We show that merging preclinical characterization of 

cardiac anthracycline accumulation with clinical data from patients treated primarily with 

anthracyclines identifies DD risk from very low anthracycline doses. DD risk is associated with 

older age, baseline diastolic indices toward the lower limit of normal, and transient intertreatment 

elevations of the endogenous cardiac relaxant agent, B-type natriuretic peptide. These findings have 

numerous pharmacological implications.  
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INTRODUCTION 

Cancer drugs can cause cardiotoxicity. In the case of anthracyclines there is a persuasive 

correlation between the infusional plasma peak of anthracyclines, the amount of anthracyclines that 

accumulate in cardiac tissue and the risk of heart failure (HF) with reduced left ventricular ejection 

fraction (LVEF) (Salvatorelli et al., 2017; Salvatorelli et al., 2018). In clinical settings there is 5% 

HF risk after cumulative doses of 400 mg of doxorubicin/m
2
 or 900 mg of epirubicin/m

2
, with the 

latter being equitoxic to 600 mg of doxorubicin/m
2
 (Swain et al., 2003; Salvatorelli et al., 2018). In 

preclinical settings both risk doses could be inferred with ≥95% precision from the amount of 

doxorubicin or epirubicin that accumulated in human myocardial samples exposed to simulations of 

anthracycline infusions (Salvatorelli et al., 2018).  

Symptomatic HF may be preceded by a long standing subclinical cardiotoxicity (Camilli et 

al., 2020). Diastolic dysfunction (DD) with normal LVEF is considered as an important 

manifestation of subclinical cardiototoxicity but many related aspects require clarifications. The 

uncertainties calling for elucidation include cause-and-effect relationships between anthracycline 

dose and DD risk, the role of intertreatment changes of an endogenous cardiac relaxant agent such 

as B-type natriuretic peptide (BNP) (Menna et al., 2018), the identification of DD predictors 

(Minotti et al., 2021). The risk of cardiac dysfunction from nonanthracycline chemotherapy is an 

additional uncertainty to decipher (Kamphuis et al., 2019).   

We recently reported that preclinical data of cardiac anthracycline accumulation could be 

reliably exploited to establish dose versus risk relationships also in the settings of DD (Minotti et 

al., 2022). Keeping this in mind, and considering the unsettled issues around cancer treatment-

related DD, we performed a translationally-oriented retrospective analysis of a clinical study in 

which we characterized DD incidence at one week after the last cycle of anthracycline-based or non 

anthracycline chemotherapy. Building on cause-and-effect relationships between cardiac 

anthracycline accumulation and DD risk, we characterized 5% risk doses across patients with 
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different intertreatment levels of BNP and defined the patient characteristics that best predict DD 

risk. 

PATIENTS AND METHODS 

Patients  

We analyzed data from 67 of 80 comorbid-free patients, aged 18-70, recruited in our real-

life, multicenter, pilot prospective study of the incidence of DD at one week after the last 

chemotherapy cycle (Calabrese et al., 2018). The 67 patients analyzed in this study were those who 

had consented to preinfusional blood draws for investigational purposes. The study had been 

approved by institutional review boards of participating centers and written informed consent had 

been obtained from all patients.  

Patient oncologic characteristics were: indication of doxorubicin- or epirubicin-based 

adjuvant treatment of breast cancer (usually anthracycline-cyclophosphamide followed by a 

taxane); indication of doxorubicin-based frontline treatment of non Hodgkin lymphoma (rituximab-

cyclophosphamide-doxorubicin-vincristine-prednisone); indication of fluoropyrimidine/platinum-

based adjuvant treatment of colorectal cancer. To analyse data from patients treated with 

doxorubicin or epirubicin, the latter was converted to doxorubicin by an isotoxic factor of 0.66 

(Ewer, 2019) and all anthracycline data (mean infusional dosages and cumulative doses) were 

expressed as doxorubicin equivalents. 

No patient developed intertreatment conditions that required CV medications. Bone marrow 

growth factors and entiemetics were prescribed as per clinical practice.  Fifteen patients (22%) were 

past smokers.  

DD risk assessment   

To characterize relationships between DD risk and anthracycline doses we built on previous 

in vitro studies in which we demonstrated that HF risk from a given anthracycline depended on how 

much that particular anthracycline accumulated in cardiac tissue (Salvatorelli et al., 2018). In that 

study human myocardial strips were exposed to simulations of clinical anthracycline infusions and  
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the anthracycline pools retained in the strips at the end of experiments were incorporated in 

Equation [1] 

                                     risk (%) = (pooln : risk pool)
2
 x cn

2                                                                      
[1]  

where, for a given anthracycline dose, HF risk was determined by the number of infusions (n), the 

size of cardiac anthracycline pools induced by n infusions (pooln), the size of anthracycline pool 

associated with 5% HF risk (“risk pool”), a correction constant (c) (Salvatorelli et al., 2018).   

Equation [1] was a modification of a mathematical function previously developed to 

approximate anthracycline-related HF risk in clinical settings. That equation, [risk (%) = cn
2
], was 

built by assuming that the number of infusions (n) described the destructive force of the 

anthracycline regimen and the constant c was needed to correct for the different regimens and 

cardiotoxicity of anthracycline analogs  (Ewer and Benjamin, 2005; Ewer, 2019). By incorporating 

the fundamental role of cardiac anthracycline accumulation, Equation [1] makes the mathematical 

function adaptable to anthracycline analogs that show different levels of accumulation in the heart, 

as is the case of doxorubicin (post-infusion mean cardiac pool of 4.7 µM after simulations of 60 

mg/m
2
) and epirubicin (mean pool of 3.1 after simulations of 90 mg/m

2
). Moreover, given that 

number of infusions was known and differences between doxorubicin and epirubicin infusional 

dosages were obviated by expressing them as doxorubicin equivalents, c could be calculated as 

[c=risk (%)/n
2
] (Salvatorelli et al., 2018).  Further details on how Equation [1] was adapted to DD 

risk assessment in the study population, comprised of patients treated with doxorubicin or 

epirubicin but also few patients treated with nonanthracycline chemotherapy, are provided in 

Supplementary Methods.  

Other methods  

Echocardiagraphic parameters for evaluating LVEF and diastolic function were described 

previously (Calabrese et al., 2018). In all centers, only grade I DD was detected and characterized 

by decrement of E/A (mean ratio of peak early filling (E wave) to late diastolic filling (A wave)) 

and concomitant prolongation of DT (mean deceleration time of early filling velocity). Unlike 
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studies that considered also minor and reversible changes of diastolic indices (Serrano et al., 2015), 

in this study DD was adjudicated only when E/A and DT were outside of age-adjusted ranges of 

normality (Calabrese et al., 2018). Mitral E/e’, an index of left ventricle filling pressure, was 

nonetheless normal (7.4±1.4 in patients with DD vs 6.8±1.1 in patients without DD, P=0.40) 

(Calabrese et al., 2018). This showed that DD was diagnosed at a very early stage of impaired 

relaxation. BNP was measured by the circulating levels of its longer lived prohormone 

aminoterminal (Nt-proBNP), which is released in 1:1 ratio to BNP (Siemens immune-

chemiluminescence assay, upper limit of normal at 125 og/ml). Blood samples for Nt-proBNP assay 

were drawn just before each chemotherapy cycle to avoid confounding effects of infusion-related 

fluid overload and myocardial stretch. Plasma levels of doxorubicin and its hydroxymetabolite, 

doxorubicinol, were measured at steady-state (Css) in the same pre-infusional blood samples used 

for Nt-proBNP assay. Drugs were quantified by tandem mass spectrometry, using a triple 

quadrupole system equipped with an electron spray ionization source operated in positive ion mode 

and multiple reaction monitoring scan type acquisition mode. Limits of quantitation were, 

respectively, 0.9 and 0.18 nM for doxorubicin and doxorubicinol.  

Results were expressed as means±standard deviations (SD). Quantitative data were analyzed 

by two-tailed Mann-Whitney test or Kruskal-Wallis analysis of variance with Dunn’s post-test, as 

appropriate. Categorical variables were analyzed by χ
2
 test or Fisher’s exact test. Statistical 

significance was set at P<0.05. Parameter discrepancies across patient groups were calculated by 

determining, for each patient of a given group, the percentage difference with the mean value of that 

parameter in the comparator group (Minotti et al., 2021). Statistical significance of mean 

discrepancies ± 95% confidence intervals (CI) was determined by Wilcoxon matched pair test. 

Differences between risk versus dose curves were determined by receiver operator characteristics 

(ROC) analysis.  
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RESULTS 

Patient characteristics  

All patients presented at baseline with normal CV parameters. The study group of 67 

patients was fully balanced with the source population of 80 patients with respect to demographic, 

oncologic and CV characteristics (Menna et al., 2018). Both groups showed a prevalence of breast 

cancer (n=43), followed by non Hodgkin lymphoma (n=17) and colorectal cancer (n=7); therefore, 

there was a prevalence of females over males (n=56 versus 11) and of anthracycline-based over 

nonanthracycline chemotherapy (n=60 versus 7) (Supplementary Results, Table 1).  

DD risk versus HF risk 

One week after the last chemotherapy cycle LVEF was unchanged to baseline (61±4% 

versus 62±5%, P=0.47); however, grade I DD was diagnosed in 14 of 67 patients (13 treated with 

anthracyclines and 1 treated with nonanthracycline chemotherapy, P=1.00 for the apparent 

incidence of DD in the two subgroups).  DD incidence in the study population (21%) was similar to 

that occurring in the source population (15/80, 19%, P=1.00).  

Data from the study population were then included in Equation 1 to obtain risk versus dose 

relationships. For DD, 5% risk occurred at a mean dose of 220 mg of anthracyline /m
2
 when the 

whole set of 67 patients was considered, or 190 mg/m
2
 when the 7 patients treated with 

nonanthracycline chemotherapy were excluded from analyses  (P=0.74 for comparisons between 

the two risk doses) (Figure 1, red solid and dashed lines, respectively). Five percent HF risk 

occurred at 470 or 450 mg/m
2
, depending on whether the analysis included or excluded patients 

treated with nonanthracycline chemotherapy (Figure 1, black solid and dashed lines, respectively, 

P=0.78 for comparisons between the two curves). Risk doses were significantly lower for DD than 

HF (P<0.01).  

Intertreatment levels of BNP and risk of DD 
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As previously reported (Menna et al., 2018), three BNP patterns were shown to occur during 

chemotherapy: persistently normal (BNP


, n=28), transiently elevated (BNP


, n=27), persistently 

elevated (BNP


, n=12) (Figure 2). Patients treated with anthracyclines or nonanthracycline 

chemotherapy were equally represented in the three BNP subgroups (24/60 versus 4/7 BNP


, 

P=0.44; 25/60 versus 2/7 BNP


, P= 0.69; 11/60 versus 1/7, BNP


, P=0.16). 

One week after chemotherapy grade I DD was diagnosed in 5 of 28 BNP


 patients 

(apparent 18% incidence), 8 of 27 BNP


 patients (apparent 30% incidence), 1 of 12 BNP


 

patients (apparent 8% incidence). The three groups were balanced for age, oncologic and CV 

characteristics; they were not balanced for gender, with the prevalence of females over males being 

more evident in BNP
    

and BNP
 

groups, but women in the three groups were balanced for age 

and menopausal status (Table 1). On balance, patients with different intertreatment levels of BNP 

were directly comparable for baseline characteristics that could have influenced BNP formation 

and/or half life (Braunwald, 2008; Ebong et al., 2015; Das et al., 2005).  

DD risk in the three BNP groups was evaluated by Equation 1. Five percent risk doses for 

DD were 150, 240 or 280 mg of anthracycline/m
2
 for BNP


, BNP


 and BNP

 
patients, 

respectively. Excluding the patients treated with nonanthracycline chemotherapy caused marginal 

shifts of each curve to the left (Figure 3). ROC analysis showed that the curves of BNP
 

patients 

were always significantly different to the curves of BNP


 and BNP
 

patients (P≤0.040). No 

significant difference occurred between BNP


 and BNP
 

curves (P≥0.600) but stepwise ROC 

analyses intercepted a dose range, from 100 to 200 mg/m
2
, over which BNP

 
patients were at a 

lower risk than BNP


 patients (1% versus 2% risk, P<0.05 regardless of whether the analyses 

included patients treated with nonanthracycline chemotherapy). This helped to further refine DD 

risk and to identify  patients with high, moderate or low-moderate DD risk (BNP


, BNP


 and 

BNP
 

patients, respectively). Curves and risk doses were not biased by treatment-related 

differences that could have influenced cardiac anthracycline accumulation (Table 2). 
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DD predictors in BNP


 patients 

Having shown that BNP


 patients exhibited the lowest risk dose for DD we performed 

discrepancy analyses to characterize differences between BNP


 patients and the aggregate of  

BNP
 

or BNP
 

patients with respect to demographic, oncologic and baseline CV characteristics. 

BNP


 patients were only borderline older than all other patients, and no significant discrepancy 

occurred with respect to mean number of infusions, size of post-infusion cardiac anthracycline 

pools, and CV parameters (including the baseline levels of BNP). This occurred regardless of 

whether the analysis included patients treated with nonanthracycline chemotherapy (Figure 4). 

BNP
 

patients and all other patients were also balanced for gender (P=0.18) and tumor type 

(P=0.38).  

BNP


 patients with or without diastolic dysfunction (DD
+
 or DD

-
) were then examined in 

isolation for discrepancy against all other patients. BNP
 

DD
-  

patients were fully congruent for all 

parameters except the size of post-infusion cardiac anthracycline pools, which proved to be smaller 

(2.1±0.8 versus 2.6±1 µM, P=0.048) when the analyses excluded patients treated with 

nonanthracycline chemotherapy (Figure 5, left panel). This was not caused by differences in 

anthracycline infusional dosage (33±10 versus 37±10 mg/m
2
 for BNP


 DD

-
 versus all other 

patients, respectively, P=0.13) but was caused by a more frequent usage of epirubicin in BNP
 

DD
-
 

patients as compared to all other patients (57% versus 37% of patients, P=0.01).  BNP


 DD
+
 

patients showed significant discrepancies toward an older age and a lower baseline E/A ratio, which 

occurred regardless of whether the analysis included patients treated with nonanthracycline 

chemotherapy. All other parameters were congruent with the comparator group (Figure 5, right 

panel).  

Anthracycline exposure and BNP peaks in patients with or without DD  

 Intertreatment appearance of BNP peaks was correlated with indices of patient anthracycline 

exposure. BNP
 

DD
- 

and BNP


 DD
+ 

patients were treated with comparable cumulative 
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anthracycline doses (mg/m
2
, 248±32 and 257±38, P=0.64), yet DD

- 
 patients developed BNP peaks 

after higher cumulative doses than BNP
  

DD
+
 patients (Figure 6, left panel). Again, this reflected 

that BNP
  

DD
-
 patients were more frequently treated with epirubicin, and hence higher cumulative 

doses were required for epirubicin to form anthracycline pools of the same size as doxorubicin. No 

difference between BNP
  

DD
-
 and BNP

  
DD

+
 patients was in fact observed when the appearance 

of BNP peaks was correlated with the size of cardiac anthracycline pools rather than anthracycline 

doses (Figure 6, central panel). Moreover, BNP
  

DD
-
 or DD

+
 patients were similar for the 

magnitude of BNP peaks (Figure 6, right panel).  

BNP
  

DD
- 
and BNP

 
DD

+ 
patients were also similar for systemic anthracycline exposure, 

measured as plasma anthracycline Css. Data from patients homogeneous for anthracycline type 

(doxorubicin), infusional dosage (50-60 mg/m
2
) and schedule (one infusion every 3 weeks) showed 

that the anthracycline Css of BNP
  

DD
+
 was well in the range of that of BNP

  
DD

-
 patients 

(Figure 7).  Moreover, neither BNP
 

DD
-
 nor BNP

 
DD

+
 patients showed measurable levels of 

the hydroxymetabolite, doxorubicinol.  

 

.  
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DISCUSSION 

Main findings  

An equation-based model that correlated cardiac anthracycline accumulation with risk of 

cardiotoxicity allowed us to show that i) DD occurred at much lower cumulative anthracycline 

doses than HF ii), DD risk was modulated by the intertreatment levels of BNP, with risk being 

higher for BNP
  

patients and lower for BNP
 

patients iii), high risk BNP
 

DD
+
 patients were 

older and presented at baseline with lower-for-age indices of diastolic function.  

Study limitations 

The main limitation of this study pertains to its sample size. Serial intertreatment 

measurements of BNP were in fact available from only 67 of 80 patients recruited in the pilot study. 

The pilot study itself had been limited in its sample size by factors such as patient’s refusal to 

release witten informed consent or attend protocol-defined cardiological visits. With few exceptions 

(Upshaw et al., 2020), other prospective studies of cancer treatment-related cardiotoxicity were of a 

limited sample size (Serrano et al., 2015) or encountered similar problems (Pituskin et al., 2017).  

Our study does not provide clues to explain why some patients developed transient BNP
  

elevations, likely reflecting an incomplete adaptive response to an early deterioration of diastolic 

function, while others developed persistent BNP
 
elevations that represented an improved response 

and actually associated with the lowest risk of DD. Studies are needed to characterize which 

factor(s) could modulate cardiac formation and release of BNP during cancer treatment. We also 

acknowledge that the subgroup of patients with persistent BNP elevations was small (n=12); 

however, the observation that these patients maintained a normal diastolic function was well 

consistent with the notion that natriuretic peptides were cardioprotective and caused positive effects 

on E/A ratios in healthy subjects from the general population (Lyngbakken et al., 2021).    

 Patients treated with nonanthracycline chemotherapy require further evaluations.  They 

were only 7 of 67 evaluable patients but one of them was BNP
  

DD
+
 while two others were BNP
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DD
-
or BNP

 
DD

-
. These patients were therefore included in study analyses and computed as “zero 

anthracycline pool” in the Equation 1 for DD risk assessment, causing only marginal shifts in risk 

versus dose curves. This was a real-life approach to assess DD risk in a study group treated mainly, 

but not exclusively, with anthracyclines. We acknowledge that biochemical and/or pharmacologic 

indices of cardiac exposure to nonanthracycline chemotherapeutics must be developed to better 

characterize DD risk from these drugs.   

Study strengths 

In spite of its limitations this study provides novel information on important issues like the 

role of DD in subclinical cardiotoxicity, the importance of BNP in identifying DD predictors, the 

prognostic significance of DD predictors versus anthracycline exposure, and possible 

pharmacologic opportunities to treat DD in the cancer patient.  

Diastolic dysfunction and subclinical cardiotoxicity 

DD risk doses in BNP
 

patients are low enough to suggest that cardiotoxicity and DD 

develop after the first anthracycline infusions (Benjamin and Minotti, 2021). Regrettably, however, 

clinical trials of cancer drugs and real-life monitoring of cancer patients do not usually include DD 

in the echocardiographic evaluation of cancer treatment-related cardiotoxicity. By demonstrating 

that grade I DD occurs after low dose anthracycline, and hence much before HF, this study urges to 

consider DD as an early manifestation of subclinical cardiotoxicity.   

Only few studies actually evaluated if DD preceded systolic dysfunction in the cancer 

patient, and both positive and negative evidence for this possibility was reported (Klein et al., 2019; 

Upshaw et al., 2020). Variables such as pre-existing CV risk factors, type of oncologic regimen, 

sequential exposure to other cardiotoxic treatments, and follow-up duration, must be considered. 

When all such variables were independently evaluated, as was in the studies of long term survivors 

of childhood cancer, newly diagnosed or worsening DD often preceded an overt systolic 

dysfunction (Armstrong, Joshi et al., 2015; Border et al., 2020). In this respect we emphasize that i) 

our patients were free of comorbidities that aggravate the risk of cancer drugs cardiotoxicity 
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(Zamorano et al., 2020) and ii) patients were diagnosed with DD as early as one week after 

completing frontline chemotherapy, a time point when LVEF was normal and patients were not 

receiving additional cardiotoxic treatments such as chest radiation or other cancer drugs. Thus, DD 

seems to represent the first step of a pathophysiologic trajectory that eventually culminates in HF.   

BNP and DD predictors 

Previous studies suggested an association of cancer treatment-related DD with age and BMI 

(Serrano et al., 2015) but other studies failed to confirm these findings (Upshaw et al., 2020) or 

showed that DD was predicted by low albeit still normal E/A ratios at baseline (Minotti et al., 

2021). In the present study intertreatment BNP peaks were of help to reconcile discrepancies and to 

demonstrate that both age and low E/A ratios characterize patients at high risk for DD.  

BNP
  

DD
+
 patients were 58±9 years old while all other patients were 48±9 years (P=0.01). 

These values compare reasonably well to, but are slightly higher than those reported in the study 

claiming an association of age with cancer-treatment related DD (53 and 45 years for DD
+
 or DD

-
 

patients, respectively) (Serrano et al., 2015). Albeit marginal such difference can well be explained 

by the fact that our study included only comorbid-free patients while the other study included a 

percentage of patients with competing CV risk factors (Serrano et al., 2015). The age value reported 

in the present study therefore provides a more neutral representation of how the ageing process can 

represent an independent risk factor for DD. This is consistent with age reducing the turnover and 

quality control of titin, the giant protein that is crucial to myocardial relaxation and adaptive 

capacity (Salcan et al., 2020).  As far as E/A ratios are concerned, BNP
 

DD
+
 patients showed 

lower baseline E/A ratios than other subjects (19±15% of normality range vs 41±29%, P=0.02). 

These patients therefore represented a subgroup that was considered as normal according to 

established reference values but actually began cancer therapy with a limited adaptability to 

cardiotoxic agents.  

Differences in DD risk across patient subgroups were not confounded by interpatient 

variability in cancer drugs pharmacokinetics. In fact,  BNP
 

patients with or without DD showed a 
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comparable systemic anthracycline exposure and shared a correlation between the size of cardiac 

anthracycline pools and the timing and magnitude of intertreatment BNP peaks, further highlighting 

that age and low E/A ratio were the two main factors predisposing to DD.  

Pharmacological perspectives 

Interactions between BNP, patient characteristics and DD risk introduce novel concepts in 

the field of cardio-oncology. BNP elevations were previously shown to associate with systolic 

rather than diastolic dysfunction but this usually occurred in patients treated with high dose 

anthracycline or presenting at baseline with a pre-existing cardiac disease (Demissei et al., 2020; 

Hinrichs et al., 2020; Michel, Mincu et al., 2020; Ruger et al., 2020).  This was not the case for our 

patients, and hence our study illuminates a new scenario in which chemotherapy induces early DD 

and cardiomyocytes release BNP in an attempt to improve relaxation.   

Diastolic dysfunction is a difficult to treat condition. Common CV drugs failed to relieve 

DD in some cancer patients who developed out-of-range abnormalities of E/A and DT at the end of 

chemotherapy (Minotti et al., 2019).  The role of BNP as an endogenous lusitropic agent may pave 

the road to novel pharmacologic interventions. Ranolazine, an antianginal drug, showed lusitropic 

effects in cancer patients with DD (Menna et al., 2018; Minotti et al., 2019). Therapeutic options 

might also be offered by the dual angiotensin receptor blocker and neprilysin inhibitor, 

sacubitril/valsartan, in which the role of sacubitril is to prevent BNP degradation (McDonagh et al., 

2021).  BNP acts by activating a receptor-associated guanylate cyclase that increases cGMP levels 

in cardiomyocytes (Bishu et al., 2011). It follows that also activators of guanylate cyclase like 

vericiguat (Armstrong, Lam et al., 2020), or inhibitors of phosphodiesterases like tadalafil (Wan et 

al., 2020), might be considered to treat DD in the cancer patient.  

 Conclusions  

Cardiac anthracycline accumulation and BNP levels help to asses DD risk and DD 

predictors in the cancer patient treated with chemotherapy. BNP modulation of DD risk provides a 

conceptual framework to evaluate novel cardioprotective strategies.  
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FIGURE LEGENDS 

Figure 1   Risk versus dose curves for DD and HF 

All curves were obtained by the Equation [1] described in Patients and Methods and 

Supplementary Methods. Solid black or red lines denote risk versus dose curves for HF or DD in the 

whole study population (n=67). Dashed lines denote risk versus dose curves after excluding 7 

patients treated with nonanthracycline chemotherapy. Correction constants, c, were 0.336 or 0.022 

for DD or HF in the whole set of patients, respectively (0.370 or 0.026 after excluding patients 

treated with nonanthracycline chemotherapy). The grey area denotes 5% risk level.   

Figure 2  Intertreatment levels of BNP and DD incidence at one week after chemotherapy  

Representative examples of patients with normal BNP (BNP


, ochre line), transiently 

elevated BNP (BNP


, red line), or persistently elevated BNP (BNP


, light blue line). The grey 

area denotes the upper limit of normal for BNP, measured as Nt-proBNP. Chemotherapy is shown 

as percentage of length to permit comparison between oncologic regimens of different duration. The 

vertical bar on the right shows color-matched numbers of BNP


, BNP
  

or BNP
 

patients 

diagnosed with grade I DD at one week after the last chemotherapy cycle.  

Figure 3  Risk versus dose curves for DD in patients with different intertreatment levels of BNP 

Solid curves were obtained for BNP
 

patients (red, n=27), BNP


 patients (ochre, n=28) or 

BNP


 patients (light blue, n=12) of the whole study population. Color-matched dashed curves 

were obtained by excluding patients treated with nonanthracycline chemotherapy (n=2, 4 and 1 for 

BNP
    

, BNP


 and BNP


 patients, respectively). Correction constants, c, were 0.474, 0.301 or 

0.119 for all BNP


, BNP


 or BNP
 

 patients, respectively (0.485, 0.370 or 0.149 after excluding 

patients treated with nonanthracycline chemotherapy). The grey area denotes 5% risk level. 

Figure 4  Discrepancy analysis of BNP
 

patients versus all other patients 
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Solid circles indicate discrepancy or congruence of BNP
 

patients (n=27) versus BNP


 and 

BNP
 

patients in aggregate (n=40) with respect to age, mean number of infusions, size of post-

infusion cardiac anthracycline pools, and baseline CV parameters. Data are means with 95% CI. 

Open circles denote discrepancy or congruence after excluding patients treated with 

nonanthracycline chemotherapy (2 patients in BNP
 

group, 5 patients in the comparator group). 

The asterisk denotes P=0.07 (solid circle) or P=0.13 (open circle). 

Figure 5  Discrepancy analysis of BNP
  

patients with or without DD versus all other patients 

In the left panel solid symbols indicate discrepancy or congruence of BNP
 

DD
-
 patients 

(n=19) versus all other patients (BNP


 and BNP
 

patients in aggregate, n=40). Open circles denote 

discrepancy or congruence after excluding patients treated with nonanthracycline chemotherapy (1 

BNP
  

DD
-
 patient, 5 patients in the comparator group). The asterisk denotes significant 

discrepancy for post-infusion cardiac anthracycline pool (P=0.02, Wilcoxon signed-rank test).  The 

right panel shows similar analyses including all BNP
  

DD
+
 patients (solid circles, n=8) or 

excluding one BNP
    

 DD
+
 patient treated with nonanthracycline chemotherapy. Double asterisk 

indicates significant discrepancies for age (P=0.04 and 0.03 for solid and open circles, respectively). 

Triple asterisk indicates significant discrepancies for E/A ratio (P=0.021 and P=0.03 for solid and 

open circles, respectively).  

Figure 6 BNP peaks, anthracycline doses, and cardiac anthracycline pools in BNP
  

patients with 

or without DD   

The left panel shows that BNP
 

DD
-
 developed BNP peaks after higher cumulative 

anthracycline doses than BNP
  

DD
+
 patients. The central panel shows that BNP

  
patients with or 

without DD
 
were similar for BNP peak appearance when this was correlated with the size of post-

infusion cardiac anthracycline pools. The right panel shows that BNP
  

patients, with or without 
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DD, developed BNP peaks of a similar magnitude (means ± SD) (the grey area represents the upper 

limit of normal of BNP measured as Nt-proBNP). 

CFD, cumulative frequency of distribution. 

Figure 7  Steady-state plasma anthracycline levels in BNP
 

DD
+  

and BNP
 

DD
- 
patients

  
  

The solide curve shows the average doxorubicin Css in 4 BNP
  

DD
+
 patients. Dashed 

curves show doxorubicin Css in 7 BNP
  

DD
-
 patients.  

Css, steady state concentration.   
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Table 1. 

Demographic, oncologic and CV characteristics of BNP


, BNP
    

 and BNP
 

 patients 

Characteristics BNP


 patients 

(n=28) 

BNP
 

patients
   
  

(n=27) 

BNP
 

 patients 

(n=12) 

P 

Gender 

males 

females 

 

 

9 (32%)  

19 (68%) 

 

2 (7%)  

25 (93%) 

 

- 

12 (100%)  

 

0.011 

 

Age 

all 

females 

 

 

47±9 

48±7 (n=19) 

 

52±10 

51±10 (n=25) 

 

49±8 

49±8 (n=12) 

 

0.255 

0.712 

Menopausal status                             

pre 

post 

 

 

12 (63%) 

7 (37%) 

 

9 (36%) 

16 (64%) 

 

5 (42%) 

7 (58%) 

 

0.189 

 

Tumor type 

breast cancer 

non-Hodgkin lymphoma 

colorectal cancer 

 

 

13 (46%) 

11 (39%) 

4 (15%) 

 

20 (74%)  

5 (19%) 

2 (7%) 

 

10 (84%) 

1 (8%) 

1 (8%) 

 

 

0.180 

Chemotherapy 

anthracycline-based 

nonanthracycline 

 

mean cumulative anthracycline dose 

(mg/m
2
) 

  

 

 

24 (86%) 

4 (14%) 

 

237±101 
 

 

 

25 (93%) 

2 (7%) 

 

233±74 
 

 

 

11 (92%) 

1 (8%) 

 

221±76 
 

 

 

0.682 

 

 

0.227 

 

CV parameters 

LVEF (%) 

SBP (mm Hg)  

DBP (mm Hg)  

HR (bpm)  

BMI (kg/m
2
)  

E/A (% of normal range)  

DT (% of normal range) 

 

64±6 

121±10 

76±8 

78±12 

25±3 

39±28 

26±24 

 

62±4 

120±11 

76±7 

75±9 

23±3 

37±26 

30±19 

 

61±7 

120±11 

77±7 

75±10 

23±3 

45±31 

26±23 

 

0.120 

0.899 

0.802 

0.557 

0.054 

0.912 

0.869 

 
  

Data were means±SD or absolute numbers with pecentages and were analyzed by χ
2
 test or 

Kruskall-Wallis analysis of variance with Dunn’s post test.  

SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate; BMI, body mass index. 

Modified after Menna et al., 2018. 

 

  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 24, 2022 as DOI: 10.1124/jpet.122.001101

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 

30 
 

Table 2 

Treatment-related parameters in the study population and BNP groups 

                                                                                                                                                                        

All values were means±SD and were analyzed by Kruskall-Wallis analysis of variance with Dunn’s 

post-test.  

a)
n=67 (60),  

b)
n=28 (24),  

c)
n=27 (25), 

d)
n=12 (11) (bracketed values indicate n following exclusion 

of patients treated with nonanthracycline chemotherapy).  

e)
mg/m

2
 

f)
µM 

 

Parameter All  

patients
a)

 

 

BNP


  

patients
b)

 

 

BNP
    

 

patients
c)

 

 

BNP
 

 

patients
d)

 

 

P 

Cumulative anthracycline dose
e)

 

all regimens  

only anthracycline-based  

 

 

231±86 

258±34 

 

233±101 

272±31 

 

233±74 

251±33  

 

221±76 

241±31  

 

0.393 

0.067 

Chemotherapy cycles  

all regimens  

only anthracycline-based  

 

 

7.9±2.0 

7.5±1.6 

 

7.7±2.0 

7.0±1.0 

 

7.9±2.3 

7.6±2.1 

 

 

8.2±1.3 

7.8±0.6 

 

 

0.547 

0.284 

 

Anthracycline infusional dosage
e)

 

all regimens  

only anthracycline-based  

 

 

32±15 

36±11 

 

34±17 

39±10 

 

 

33±14 

35±11 

 

29±11 

31±7 

 

0.602 

0.167 

Post-infusion anthracycline pool
f)
 

all regimens  

only anthracycline-based  

 

 

2.2±1.4 

2.5±1.0 

 

 

2.4±1.4 

2.8±1.0 

 

 

2.1±1.1 

2.3±1.0 

 

 

2.0±0.9 

2.2±0.7 

 

 

0.619 

0.200 

Risk pool
f)
 

all regimens  

only anthracycline-based  

 

 

16±7 

17±4 

 

16±8 

19±5 

 

 

15±6 

16±5 

 

 

15±6 

15±7 

 

 

0.639 

0.210 
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DD and HF risk assessment in the study population 

Having assumed that cardiotoxicity depended on cardiac anthracycline accumulation, 5% 

HF risk was previously shown to occur when any of clinically approved anthracyclines 

(doxorubicin, epirubicin, daunorubicin, idarubicin) accumulated in human myocardium and reached 

a risk pool of 31 µM; however, the size of post-infusion cardiac anthracycline pools varied from 

one analog to another. The number of infusions required to form the 5% risk pool was therefore 

specific to the characteristics of each anthracycline (Salvatorelli et al., 2018). For the purpose of DD 

risk assessment in a study population including primarily patients treated with doxorubicin- or 

epirubicin- based chemotherapy (n=60) but also few patients treated with nonanthracycline 

chemotherapy (n=7), Equation 1 was adapted as follows:    

i. (n) was the mean number of chemotherapy cycles administered to the study population,  

ii. mean cumulative anthracycline dose (obtained by converting epirubicin to doxorubicin 

equivalents by an isotoxic ratio of 0.66 (Salvatorelli et al., 2018) was divided by (n) to 

obtain a mean infusional dosage, 

iii. post-infusion cardiac anthracycline pools were calculated by adjusting those determined in 

simulations of 60 mg of doxorubicin/m
2
 or 90 mg of epirubicin/m

2
 (4.7 and 3.1 µM, 

respectively) to the mean infusional dosage of doxorubicin or epirubicin in the study 

population,  

iv. risk was set at the apparent incidence of DD in the study population (14/67, 21%), risk pool 

was obtained by the product of post-infusion cardiac anthracycline pools with the mean 

number of chemotherapy cycles, and the correction constant c was obtained by solving  

[c=risk (%)/n
2
], 

v. for patients treated with nonanthracycline chemotherapy, all anthracycline parameters (mean 

cumulative dose, infusional dosage and post-infusion cardiac pools) were set at zero.  
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As for HF simulation, risk was set at 5%, risk pool was 31 µM, and Equation 1 was developed by 

assuming that patients received more infusions and higher cumulative anthracycline doses than 

actually administered (Minotti et al., 2022). 
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Table 1.  

Characteristics of study population versus source population 

Characteristics Source 

population 

(n=80) 

Study 

population 

(n=67) 

P 

Gender 

males 

females 

 

 

12 (15%)  

68 (85%) 

 

11 (16%) 

56 (84%) 

 

 

0.82 

 

Age 

years  

 

<40 

40-60 

>60  

 

49±9 

 

11 (14%) 

59 (74%) 

10 (12%) 

 

 

49±10 

 

10 (15%) 

49 (73%) 

8 (12%) 

 

0.59 

 

 

0.98 

Oncologic disease 

breast cancer 

non-Hodgkin lymphoma 

colorectal cancer 

 

 

55 (69%) 

17 (21%) 

8 (10%) 

 

43 (64%) 

17 (25%) 

7 (11%) 

 

 

0.82 

Chemotherapy 

anthracycline-based 

nonanthracycline 

 

mean cumulative anthracycline dose 

(mg/m2)  

 

 

72 (90%) 

8 (10%) 

 

229±82 

  

 

60 (89%) 

7 (11%) 

 

231±86 

 

 

0.93 

 

 

0.68 

 

CV parameters 

LVEF (%) 

SBP (mm Hg)  

DBP (mm Hg)  

HR (bpm)  

BMI (kg/m2)  

E/A (% of normal range)  

DT (% of normal range) 

BNP (pg/ml) 

 

62±5 

121±11 

76±7 

76±7 

24±3 

41±29 

33±18 

64±34a) 

 

 

63±5 

121±10 

76±10 

75±9 

24±3 

39±27 

28±17 

65±35a) 

 

0.88 

0.77 

0.87 

0.34 

0.99 

0.83 

0.49 

0.98 

 
                                                                                                                                                                 

Data were means±SD or absolute numbers with pecentages and were analyzed by two-tailed  

Mann Witney test, exact Fisher’s test or χ2 test as appropriate.  

a)Measured as Nt-proBNP (upper limit of normal at 125 pg/ml). 

SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate; BMI, body mass index. 

Modified after Menna et al., 2018.
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