

[image: image1]
Women at heart: Introducing gender cardio-oncology













	 
	

	TYPE Review
PUBLISHED 23 November 2022
DOI 10.3389/fcvm.2022.974123





Women at heart: Introducing gender cardio-oncology

Maria Laura Canale1*†, Irma Bisceglia2†, Giuseppina Gallucci3, Giulia Russo4, Andrea Camerini5, Stefania Angela Di Fusco6, Andrea Paccone7, Massimiliano Camilli8,9, Damiana Fiscella10, Chiara Lestuzzi11, Fabio Maria Turazza12, Michele Massimo Gulizia10, Daniela Pavan13, Nicola Maurea7, Domenico Gabrielli14, Fabrizio Oliva15 and Furio Colivicchi6

1Division of Cardiology, Azienda USL Toscana Nord-Ovest, Versilia Hospital, Lido di Camaiore, Italy

2Integrated Cardiology Services, Department of Cardio-Thoracic-Vascular, Azienda Ospedaliera San Camillo Forlanini, Rome, Italy

3Cardio-Oncology Unit, IRCCS-CROB, Rionero in Vulture, Italy

4Department of Cardiovascular and Sports Medicine, Azienda Sanitaria Universitaria Giuliano Isontina (ASUGI), Trieste, Italy

5Department of Medical Oncology, Azienda USL Toscana Nord-Ovest, Versilia Hospital, Lido di Camaiore, Italy

6Department of Clinical and Rehabilitation Cardiology, Ospedale San Filippo Neri, Rome, Italy

7Department of Cardiology, G. Pascale National Cancer Institute Foundation (IRCCS), Naples, Italy

8Dipartimento di Scienze Cardiovascolari e Pneumologiche, Università Cattolica del Sacro Cuore, Rome, Italy

9Dipartimento di Medicina Cardiovascolare, Fondazione Policlinico Universitario A. Gemelli IRCCS, Rome, Italy

10U.O.C. Cardiologia, Ospedale Garibaldi-Nesima, Azienda di Rilievo Nazionale e Alta Specializzazione “Garibaldi”, Catania, Italy

11Cardiology Unit, Department of Oncology, CRO National Cancer Institute, Aviano, Italy

12Cardiology Unit, Fondazione IRCCS Istituto Nazionale dei Tumori, Milan, Italy

13S.C. Cardiologia Pordenone, Azienda Sanitaria Friuli Occidentale, Pordenone, Italy

14Division of Cardiology, Azienda Ospedaliera San Camillo-Forlanini, Rome, Italy

15Cardiologia 1- Emodinamica Dipartimento Cardiotoracovascolare “A. De Gasperis”, ASST Grande Ospedale Metropolitano Niguarda, Milan, Italy

[image: image]

OPEN ACCESS

EDITED BY
Cezar Angi Iliescu, The University of Texas MD Anderson Cancer Center, United States

REVIEWED BY
Rohit Moudgil, Cleveland Clinic, United States
Thiago Quinaglia A. C. Silva, Massachusetts General Hospital, United States

*CORRESPONDENCE
Maria Laura Canale, marialaura.canale@uslnordovest.toscana.it

†These authors share first authorship

SPECIALTY SECTION
This article was submitted to Cardio-Oncology, a section of the journal Frontiers in Cardiovascular Medicine

RECEIVED 20 June 2022
ACCEPTED 25 October 2022
PUBLISHED 23 November 2022

CITATION
Canale ML, Bisceglia I, Gallucci G, Russo G, Camerini A, Di Fusco SA, Paccone A, Camilli M, Fiscella D, Lestuzzi C, Turazza FM, Gulizia MM, Pavan D, Maurea N, Gabrielli D, Oliva F and Colivicchi F (2022) Women at heart: Introducing gender cardio-oncology.
Front. Cardiovasc. Med. 9:974123.
doi: 10.3389/fcvm.2022.974123

COPYRIGHT
© 2022 Canale, Bisceglia, Gallucci, Russo, Camerini, Di Fusco, Paccone, Camilli, Fiscella, Lestuzzi, Turazza, Gulizia, Pavan, Maurea, Gabrielli, Oliva and Colivicchi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

As cardio-oncology imposed itself as the reference specialty for a comprehensive cardiovascular approach to all patients with cancer, a more specific and careful cardiac evaluation of women entering their journey into cancer care is needed. Gender medicine refers to the study of how sex-based biological and gender-based socioeconomic and cultural differences influence people’s health. Gender-related aspects could account for differences in the development, progression, and clinical signs of diseases as well as in the treatment of adverse events. Gender also accounts for major differences in access to healthcare. As for medicine and healthcare in general, gender-related characteristics have gained significance in cardio-oncology and should no longer be neglected in both clinical practice and research. We aimed to review the most relevant cardiovascular issues in women related to the cardio-oncology approach to offer a specific gender-related point of view for clinicians involved in the care process for both cancer and cardiovascular disease.
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Introduction: The need for gender cardio-oncology

Cardio-oncology (CO) now leads the cardiology care pathway for patients with cancer and provides guidance for clinicians involved in this challenging management. European and American cardiology and medical oncology scientific societies released guidelines and recommendations (1–3) on CO and an increasing number of national cardiology societies have published CO reports (4–6). Bearing in mind the well-established role of CO in clinical practice, a step ahead toward a more focused CO approach on women entering their journey into cancer care is needed.

In truth, there are differences between men and women in the frequency, symptomatology, and severity of many diseases, as well as in the responsiveness to therapies and adverse drug responses (7, 8). In clinical practice, a sex-based approach promotes the appropriateness and personalization of care with the goal to improve quality of life (9). It advocates for a new approach to medicine, recommending policies targeted at establishing new preventive, diagnostic, prognostic, and therapeutic health measures that take gender variations into consideration. Biological and clinical parameters, as well as cultural and socio-psychological factors, should all be taken into account. Despite the fact that there are known biochemical and sex-related factors that influence the risk of disease in women, the connections between various diseases in women are still understudied (10). Understanding the temporal pattern of the illness network may assist promote a life-course approach to women’s health and uncover crucial indicators to decrease the risk of future bad outcomes, which is critical for providing cost-effective and improved healthcare for women (7).

This CO sex and gender-oriented paradigm shift will try to fill the gap in offering a more tailored clinical approach.

We analyzed the most important cardiovascular issues in women related to CO approaches to provide a gender-specific perspective for doctors working in cancer and cardiovascular disease care (Figure 1, panel A).
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FIGURE 1
Factors influencing sex and gender-related cardio-oncology issues (Panel A) and how to address them (Panel B).




Sex differences in heart failure

Heart failure (HF) is a complex syndrome characterized by structural and functional impairment of left ventricle. It can be considered a significant public health issue, as its prevalence is rising (about 1–2% of adults in western countries) with high morbidity and mortality rates (11). Important sex differences are represented in HF: Etiology, clinical characteristic, and prognosis are different between men and women. Of note, women are underrepresented in HF clinical trials (12). Prevalence data show no difference between men and women; however, women are more likely to be affected by heart failure with preserved ejection fraction (HFpEF), while heart failure with reduced ejection fraction (HFrEF), where ischemic component is predominant, is more represented in men (13–15). Peripartum cardiomyopathy and certain genetic X-linked cardiomyopathies such as Duchenne or Becker dystrophies are special clinical HF scenarios of women (16) as is chemotherapy-related cardiomyopathy due to anthracycline or Her-2 therapy cardiotoxicity in breast cancer (17). Takotsubo syndrome is predominant in women; its etiopathology is not completely clear, but it seems that a decrease in estrogen levels during the menopausal period could increase the sensitivity of the heart in catecholamine circulation and be responsible for this clinical manifestation (18).

Traditional cardiovascular risk factors (CVRFs) have a different impact in male and female risk of developing HF. It is quite difficult to generalize as the prevalence of traditional CVRF differs greatly around the world, but the impact of cigarette smoking, diabetes, hypertension, and obesity in causing HF seems to be greater in women (19–24). Women have also sex-specific risk factors: Gestational diabetes and hypertension are predisposing conditions to develop HF in the following years (25–27).



Anthracycline cardiotoxicity in women

Anthracyclines represent the cornerstone for the treatment of many solid and hematological cancers; their cardiac toxicity is known from decades and ranges from asymptomatic reduction of left ventricle ejection fraction (LVEF) to symptomatic heart failure (28). Several treatment and patient-related items are described as risk factors for anthracycline cardiotoxicity. Among those patient-related, female sex and age deserve special consideration. Moreover, there is a significant clinical difference between pediatric and adult doxorubicin-induced cardiotoxicity.

For young girls who survived cancer in pediatric age, cardiotoxicity risk is approximately four times greater than the risk for male childhood cancer survivors treated with anthracyclines (29). Lipshultz et al. reported that left ventricular contractility of female childhood cancer survivors 8 years after completing doxorubicin treatment was significantly worse than that of their male counterparts and the female sex was an independent factor for cardiac dysfunction (30). In Mulrooney’s study, the relative hazard of congestive heart failure was 40% higher in female survivors than in male survivors after childhood cancer (31). Of note, not all clinical studies or registries on cancer survival identify the female sex as a risk factor for cardiotoxicity. In a large cohort of Danish childhood cancer survivors, no evidence of the female sex as a risk factor for HF was found (32, 33).

On the contrary, studies that analyze sex-related differences in cardiac side effects in adult cancer population showed that the male sex has an increased risk for cardiovascular events and these differences could be explained (at least in part) by the presence of cardiac pre-existent disease, although post-menopausal women seem to be as susceptible to cardiotoxicity as men. In a population-based cohort study of chemotherapy-treated Hodgkin lymphoma with pre-existing cardiac heart disease, the male sex was a significant risk factor (34).

Another issue to explain this difference is due to the fact that most of the research on anthracycline cardiotoxicity in an adult cancer population are conducted in breast cancer, that is, primarily a female-related cancer. Similarly, in another large cohort study, patients with cancer who developed cardiac events (heart failure and cardiac death) were significantly older, predominantly men with pre-existing cardiac risk factors and history (35).

Very few pre-clinical studies with juvenile animal models can help to understand the sex difference in anthracycline cardiotoxicity. In pre-clinical studies, with adult animal models, the female sex is protective against anthracycline cardiotoxicity compared to the male sex both in the acute and chronic setting (36, 37).

Reasons to clearly explain sex differences in cardiac toxicity from anthracyclines are lacking. Some hypotheses have been proposed as the role of female hormones in oxidative stress and in mitochondrial dysfunction (both pathways are believed to be involved in the genesis of cardiac damage from doxorubicin) (38–41). Last, the role of pharmacokinetics differences between male patient and female patient cannot be excluded (42).

It could be concluded that the female sex is a risk factor for anthracycline cardiotoxicity in patients with childhood cancer, while it seems to be protective in adult fertile women. Post-menopausal patients with cancer have the same cardiac risk of the elderly men.



Cardiac issues of cancer treatment during pregnancy

Cancer diagnosis during pregnancy should be considered as a rare situation in oncology with an estimated incidence of one case every 1000 pregnancies (43). An increase in incidence in the next decades can be expected, in particular in Western countries, due to an older age at first pregnancy (44) and to the wider use of non-invasive prenatal testing that may identify early-stage non-symptomatic malignancies (45). Breast cancer represents the most common cancer type found during pregnancy, but the incidence of other types (as cervical cancer, lymphoma, ovarian cancer, and leukemia) is not negligible (46). When a diagnosis of pregnancy-associated cancer is made, the patient should be referred to a center with specific expertise and managed by a multidisciplinary expert team (47). Breast surgery is feasible throughout the pregnancy, while radiotherapy should be postponed until after delivery due to the high risk of fetal abnormalities (48, 49).

The use of chemotherapy during pregnancy should be avoided during the first trimester due to the high risk of fetal malformations, but it is considered safe during the second and third trimesters. In the first 12 weeks of pregnancy, the placenta does not effectively protect the fetus against the effects of cytotoxic drugs, so anticancer agents could interfere with organogenesis leading to an increased risk of miscarriage and congenital malformations (50, 51). After the first trimester, chemotherapy can be safely administered because the incidence of fetal malformations overlaps with that of the general population (52). Anthracyclines, cyclophosphamide, and taxane-based regimens are widely used for the treatment of patients with breast cancer (53, 54). The cardiotoxic effects of anthracyclines during pregnancy (second and third trimester) on women do not differ from those of the general cancer population, and the same precautionary rules to reduce the risk of cardiac side effects should be followed (2). Although chemotherapy is generally considered safe after the first 12 weeks of pregnancy, an increased risk of prematurity and rupture of membranes was reported in a large population study on 11 milion births (55); hence, caution is required. To explain this effect, a direct anthracycline-related vascular damage of placenta has been proposed. Doxorubicin-exposed pregnant mice showed a vascular-derived placental toxicity with a reduced blood flow and a lower birth weight (56).

Population data focused on the long-term cardiac and general safety outcome of children with in utero exposure to chemotherapy. Overall, retrospective cohort studies are reassuring with no evidence of after-birth cardiac issues compared to babies born from healthy women (57). A prospective case–control study compared 129 children with in utero exposure to anticancer agents in the second or third trimester with 129 matched control children without exposure. The authors did not report any clear adverse effects on growth, cognitive, and cardiac function in early childhood even if the incidence of preterm birth and small gestational age was higher among the exposed group (48).

The second drug group historically related to cardiac toxicity is anti-HER2 agents. The use of trastuzumab during pregnancy is contraindicated in relation to the increased risk of developing oligo- and/or anhydramnios. A meta-analysis on 30 patients recently reported a total of 32 fetuses in trastuzumab-exposed women mainly in the metastatic setting. Oligohydramnios or anhydramnios was the most common (58.1%) adverse event reported. There was a statistically significant decrease in its incidence in patients receiving trastuzumab only during the first trimester. In 43.3% of cases, a completely healthy neonate was born. About 41.7% of fetuses exposed to trastuzumab during the second and/or third trimester were born completely healthy versus 75.0% of fetuses exposed exclusively in the first trimester (58). Few data are available for newer anti-HER2 agents. A recent report focused on pregnancy issues in ALTTO and NeoALTTO trials, both testing trastuzumab and lapatinib in patients with early breast cancer. Despite both protocols, as usual, required active contraception for women with childbearing potential, 12 women exposed to anti-HER2 therapy or immediately after treatment completion became pregnant. Seven patients opted for an induced abortion, while five completed the pregnancy. All pregnancies and deliveries had no complications, and no congenital anomalies were reported (59). Given the strong recommendation against the use of anti-HER2 agents, no data are available for other anti-HER2 agents such as pertuzumab, trastuzumab emtansine, and neratinib, and thus their administration in pregnant women is contraindicated.



Cardiovascular adverse events during pregnancy after exposure to cardiotoxic therapies in survivors of childhood, adolescent, and young adult cancers

Improvements in anticancer global strategy resulted in better outcomes for a large number of patients with cancer, with many of them experiencing definitive cure or long-term survival. In particular, the survival rate for childhood, adolescent, and young adult (CAYA) cancers peaked near 85% with a consequent steadily growing population of long-term survivors (60). As a consequence, more than 1,000,000 survivors of CAYA cancer can be identified across North America and Europe (61, 62). Survivors of CAYA cancers are at risk for late toxicities from anticancer therapies as well as psychological and social issues, and an increased incidence of comorbidities has been reported (63–65). Late cardiovascular sequelae are a major concern for this group of patients and are mainly related to chest radiation therapy and anthracycline exposure (66, 67). On these grounds, it is not surprising that cardiovascular safety of pregnant women previously exposed to cardiotoxic anticancer treatments requires special attention.

Hines and colleagues described the outcome of 1554 pregnancies among 847 female cancer survivors. They reported an overall very low incidence rate of cardiomyopathy during pregnancy (0.3%), slightly increased taking into account postpartum and pre-pregnancy cardiomyopathy. The only risk factor for pregnancy-related cardiomyopathy was a higher median dose of anthracyclines received (68). As a consequence, the authors stated the general cardiac safety of pregnancy in CAYA cancer survivors but highlighted the need for a careful evaluation and follow-up during pregnancy (and later on) in women with a history of anthracycline exposure and/or a documented previous or current subclinical or symptomatic cardiomyopathy. Similar results have been reported in a Canadian series of 78 women (94 pregnancies) treated with cancer therapy as CAYAs. The majority of cases received anthracyclines, while around one-third received non-anthracycline-based chemotherapy and/or radiation therapy. The observed risk of developing heart failure during pregnancy was very low in female CAYA cancer survivors without a history of cardiotoxicity, while those with a history of cardiotoxicity have approximately 30% chance of developing heart failure and so should be offered a close cardiac monitoring program by an expert multidisciplinary team (69). A previous report on a small population of female survivors of childhood cancers pointed out the safety of pregnancy from a cardiac point of view but, once more, those women presenting with left ventricular dysfunction before pregnancy were at risk for worse outcome during and after pregnancy (70). M.D. Anderson Cancer Center Experience on this topic has been reported few years ago. Compared to a matched control group of female survivors of CAYA cancers, pregnancy represented a risk factor for adverse cardiac events as well as a higher anthracyclines cumulative dose and a longer time from cancer treatment to first pregnancy (71). Van Dalen et al. reviewed 53 childhood cancer survivors with a total of 100 deliveries. Two of these patients had a history of acute congestive heart failure related to anthracyclines therapy. No heart failure event occurred during pregnancy leading to a 0% incidence rate but, as the authors stated, larger cohort studies with adequate power and long-term follow-up are needed (72). A recently published retrospective analysis on 64 women and 110 pregnancies reported a slightly higher incidence of cardiac events in female CAYA cancer survivors. A total of five women (7.8%) had peripartum cardiac events (symptomatic and subclinical). Symptomatic dysfunction without prior cardiac dysfunction incidence was lower (1.8%), but represented a 55-fold increased risk compared to the general population. Risk factors were younger age at cancer diagnosis and higher anthracyclines dose. Of note, in a total of five cases, cardiac function recovery after delivery occurred in one case only (73) (Table 1).


TABLE 1    Summary of published reports on cardiac outcome during and after pregnancy in survivor women of childhood, adolescent, and young adult cancers.
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A recent meta-analysis of six studies consisting of 2,016 pregnancies, predominantly in childhood cancer survivors, clearly highlighted the very low rate of pregnancy-related cardiac events in the general population. Only 33 cardiac events were reported leading to an overall weighted incidence of left ventricular dysfunction or heart failure of 1.7%. A sharp increase in incidence was noticed in patients with a history of cardiac toxicity from previous anticancer therapy. While the incidence of cardiac adverse events was 0.24% in cases without previous cardiac toxicity, it peaked to 28.4% in women with a history of cardiac side effects translating into an odds ratio of 47.4 for the increase in the risk of heart failure and left ventricular dysfunction (74). A population-based cohort analysis on obstetrical and perinatal outcomes in CAYA cancer survivors showed that female survivors had an increased risk for maternal cardiac morbidity (75).



Sex influence in radiation-associated cardiac disease

Unintended irradiation of healthy tissues surrounding tumor can elicit endothelial dysfunction that leads to inflammatory responses and subsequent vascular damage (76, 77). These phenomena cause the so-called radiation-associated cardiac disease (RACD), an umbrella term that encompasses myocardial fibrosis with a possible evolution in myocardial dysfunction and congestive heart failure, pericarditis, valvular heart disease, conduction abnormalities, and vascular disease including coronary artery disease (CAD). The vascular damage can occur in the carotid and intracranial arteries when head and neck tumors are irradiated, in the coronary arteries when lymphomas, breast, lung, esophageal, and gastric cancers are irradiated, and in the aorta, renal, intestinal, and peripheral arteries in lymphoma, intestinal, and testicular cancers (78, 79). The hallmark of radiotherapy(RT)-induced vascular damage is media disruption, fibrosis and atrophy, and adventitial thickening and fibrosis; intimal plaques are not different from those observed in non-irradiated patients, with a fibrocalcific component more prominent than a proliferative component (80, 81). Patients surviving for many decades after treatment showed late cardiotoxic effects of the radiation therapy, mostly CAD events. Modern techniques have banned extended fields and have modified delivery techniques to reduce cardiac exposure, but a mean heart dose > 10Gy can still be needed and can significantly increase cardiovascular disease mortality risk (82).

Coronary artery disease is the most frequent cardiotoxic phenotype after thoracic RT, and this is the point where sex becomes an issue. We know that women have different clinical presentations of CAD if compared with men and that genetic, anatomic, physiologic, psychosocial, cultural, and economic factors account for the different clinical phenotypes. CAD in male patients affects mainly epicardial coronary arteries, whereas in female patients the microvascular circulation has the greatest impact. These differences will be translated in the CAD phenotype of RACD (83–86). In female patients, traditional cardiovascular risk factors such as tobacco use, obesity, type 2 diabetes mellitus, depression, and psychosocial stress have a more powerful impact on CVD compared to male patients (87). In more than 2,000 female patients treated with RT for breast cancer from 1958 to 2001, baseline risk factors accounted for a 2-fold increased risk of major cardiovascular events and a history of CAD for a 6-fold increased risk (88). Sex-related differences in RACD can be studied mostly in patients with lymphoma and in patients with pulmonary malignancies. A reliable comparison of cardiotoxicity between male patients and female patients cannot be done in breast cancer, a malignancy studied almost exclusively in the female gender.

A recent pre-clinical study investigated the molecular basis of sex-specific differences in toxicity following localized radiotherapy in male and female mice exposed to 19Gy cardiac irradiation; female mice showed increased tolerance to radiotherapy, and this cardio-protective effect was proven to be dependent on estrogens via a Rho-B-activated estrogen pathway (89). Unfortunately, in the clinical setting, very few studies have made a comparison of RACD in male patients and female patients. In a study performed with old radiotherapeutic techniques (between 1969 and 1998), 1279 patients with clinical Stage IA-IVB Hodgkin lymphoma were treated with mediastinal RT and followed up for a median time of almost 15 years; in these patients, old age and male sex predicted the occurrence of cardiac events and this fact was supposed to be linked to a higher proportion of cardiovascular risk factors in male patients (90). In a more recent review of 10 studies (four prospective and six retrospective), with a population of 13,975 patients (41% female patients and 59% male patients), a 4-fold increased rate of cardiovascular events and a 2-fold increase on all-cause mortality in women were observed following radiation therapy for Hodgkin lymphoma (91). Moreover, even though both male patients and female patients had higher mortality rates with advancing age, this effect was higher in female patients. The reason for this disadvantage of female patients in RACD has not received a full explanation. It could be due to the reduced presence of women in these clinical trials, to the higher doses of radiation needed to treat Hodgkin lymphoma in women, and to the more frequent microvascular phenotype of CAD in women. Overall the higher risk of radiation therapy is independent from cardiovascular traditional risk factors (88). There are also female-specific risk factors associated with an increased risk of cardiovascular issues that need to be addressed when evaluating global cardiovascular risk of women in which a thoracic radiotherapy is planned, especially young and middle-aged women in the adjuvant setting: a history of adverse pregnancy outcomes (e.g., preeclampsia and gestational hypertension, gestational diabetes, and preterm delivery), early-onset menopause, polycystic ovarian syndrome, breast or ovarian cancer, and inflammatory disorders such as rheumatoid arthritis, psoriasis, and systemic erythematous lupus. When chest radiotherapy is planned for patients with pre-existing traditional and/or female-specific risk factors, a tailored pre-treatment evaluation, an aggressive treatment of risk factors, and a personalized monitoring are mandatory. Even though a sex specificity for adjuvant RT in breast cancer cannot be assessed, it is important to be aware of the importance of a careful history in female patients with breast cancer. Table 2 summarizes most significant published evidence on RACD.


TABLE 2    Summary of published evidence on cardiac toxicity of radiotherapy.
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As far as survivors of childhood malignancies are concerned, the female sex is considered a risk factor for cardiotoxicity, but the impact of RT alone has not been investigated (92). Concomitant chemotherapy (especially if anthracycline-based) increases the risk of cardiovascular disease (93). Other manifestations of RACD such as valvular heart disease, pericarditis, and conduction abnormalities are well-known and diffusely described, but there is no clear evidence of a sex effect.



Sex-related differences of cardiac toxicity of immunotherapy

Immunotherapies have revolutionized the treatment of a variety of solid and hematologic cancers, but they come with their own set of side effects that vary depending on the kind of immunotherapy and are linked to the mechanism of action (94). Disinhibition of T-cell function by immune checkpoint inhibitors (ICIs) can lead to a spectrum of inflammatory side effects, or immune-related adverse events (irAEs). Although the specific pathophysiology of irAEs is unknown, multiple pathways have been hypothesized to account for their formation (95).

Sex-related differences in toxicity of ICIs have been described. Women treated with anti-programmed cell death protein 1 treatment are more likely to experience irAEs than male patients. In addition, specific irAEs, such as endocrinopathies and pneumonitis, were more common in women (96), but not all observations confirm these sex-related differences in toxicity (97).

Due to the minimal participation of female patients in relevant clinical trials, evaluation of sex differences in cardiotoxicity associated with immune treatment is limited. Female patients may be at higher risk of ICIs-related myocarditis, according to certain research, albeit this has not been proven consistently (98). A study on a pharmacovigilance database seems to identify the female sex (as older age) to be risk factors for ICIs-associated myocarditis but the results could be biased by various confounding factors as the tendency to report unusual or more serious adverse events only and the aforementioned reduced number of women treated for non-small-cell lung cancer representing the principal setting for immunotherapy (99).

Some feelings about a difference between male and female toxicity profile of immunotherapy appear, but a clear conclusion cannot be drawn as a more focused sex and gender-oriented research is needed.



Older women treatment with anthracyclines

Treatment of old people (age ≥ 65 years) is very challenging, and geriatric patients may be undertreated and exposed to a higher mortality or overtreated and exposed to higher toxicity. Older women are no exception to this rule; furthermore, female patients have their peculiar phenotypes of cardiac disease (already described in the previous chapter) and are underrepresented in clinical trials. Anthracycline cardiotoxicity is dose-related but in the last two decades age has emerged as a relevant risk factor for anthracycline-related HF. Older patients (age > 65 years) showed a greater incidence of HF when compared to younger patients after a cumulative dose of 400 mg/m2 (100). In a population of more than 30,000 women with early breast cancer, anthracycline was administered to 18% of patients with the more favorable cardiovascular profile, but still the hazard ratio for cardiomyopathy, HF, and heart disease was 2.48, 1.38, and 1.35, respectively, and this risk was still elevated 5 years after the diagnosis (101). In a population of more than 40,000 patients with breast cancer of which 11% were treated with adjuvant anthracyclines, women aged 66 to 70 years showed an increased risk for HF, whereas women aged 71 to 80 did not (102). Another study of almost 20,000 women documented an increased risk of cardiomyopathy (hazard ratio 1.95), HF, and cardiac dysrhythmias, whereas the association with CAD or conduction disorders was not significantly increased (103).

There are many vulnerabilities linked to older age, and the aging process induces loss of cardiomyocytes, alteration of pharmacokinetics, and the frequent development of comorbidities enhancing chemotherapy-related cardiotoxicity. Among cancer-related risk factors, drug–drug interactions due to the common polypharmacy and lifestyle-dependent risk factors such as physical inactivity and obesity increase the risk of chemotherapy-induced cardiotoxicity, along with a frequent deterioration of renal function as a result of dehydration and/or hypovolemia (104). As far as the sex issue is concerned, the higher risk of anthracycline-induced cardiotoxicity observed in young female patients when compared to young male patients has not been clearly documented in post-menopausal women (105, 106).

Many mechanisms have been proposed to explain enhanced anthracycline-related cardiotoxicity in advanced age. Doxorubicin seems to induce cellular senescence with release of pro-inflammatory cytokines and telomere dysfunction that impairs mitochondrial biogenesis leading to the production of reactive oxygen species (107–109). This effect may be amplified in older female patients, but in the near future this toxic “senescent status” of cells may be targeted and reversed and this fact could reduce the burden of anthracycline-induced cardiotoxicity (110, 111). In last years the immunity system has gained a pivotal role in many diseases, and aging of the immune system (the so-called immunosenescence) has a contributing effect on morbidity and mortality in the elderly (112, 113).

In conclusion, aging of the population will lead to an increasing number of breast cancers in the elderly female patients; these patients are at high risk of cardiotoxicity, but they should not be denied the best treatment. Every effort should be made to reduce the burden of modifiable risk factors and to plan a careful monitoring and follow-up process. This is the point where cardio-oncologists come on stage to help these patients to get their best option care.



How to manage healthcare sex and gender disparities in cardio-oncology

Disparities related to sex and gender could affect the possibility of female individuals to access to healthcare CO facilities leading to mis- or late diagnosis, un-appropriate early anti-cancer treatment discontinuation, or late referral for cardiovascular toxicity management.

A strong commitment of all CO stakeholders is needed to provide a safe, reliable, and balanced approach to sex and gender issues. First, a sex and gender-focused CO pathway should be available in all CO services. Physicians, nurses, and CO service staff should be warned about the possibility of sex and gender issues and undergo specific training.

Telemedicine could offer the possibility to reduce some of the patients’ concerns about physical, social, racial, and sex and gender issues when referring to a medical facility for a CO consultation. Virtual platforms have proved useful instruments for multidisciplinary discussion and video consultation with staff involved in patient care, with the patient himself or caregiver in family environment (if needed).

Lastly, patient awareness is crucial. All possible efforts shall be made to let patients know that CO programs are familiar with sex- and gender-related issues and that they can find help and tailored solutions into CO services (Figure 1, panel B).



Conclusion

We are just at the dawning of sex- and gender-related issues in the field of CO. While for anthracyclines and RACD some more robust evidence pointed out the role of sex in predicting side effects of anticancer treatments, for all new drug classes in oncology (in particular immunotherapy) gender-CO is a story to be written. Last but not least, a focused approach on CO social as well as on the quality of life issues of women should be implemented to guarantee a comprehensive care.



Author contributions

MLC, IB, GG, GR, and AC wrote sections of the manuscript. All authors contributed to the conception of the work, manuscript revision, and approved the submitted version.



Acknowledgments

We are grateful to “Bagno Antonio, Tonfano, Tuscany” owned and wonderfully managed by Flavio and his staff for providing a restful place and a pleasant company during the writing of this manuscript.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Zamorano JL, Lancellotti P, Rodriguez Mungnoz D, Aboyans V, Asteggiano R, Galderisi M, et al. 2016 ESC Position Paper on cancer treatments and cardiovascular toxicity developed under the auspices of the ESC Committee for Practice Guidelines. Eur Heart J. (2016) 37:2768–801. doi: 10.1093/eurheartj/ehw211

2. Curigliano G, Lenihan D, Fradley M, Ganatra S, Barac A, Blaes A, et al. Management of cardiac disease in cancer patients throughout oncological treatment: ESMO consensus recommendations. Ann Oncol. (2020) 31:171–90. doi: 10.1016/j.annonc.2019.10.023

3. Armenian SH, Lacchetti C, Barac A, Carver J, Constine LS, Denduluri N, et al. Prevention and monitoring of cardiac dysfunction in survivors of adult cancers: American society of clinical oncology clinical practice guideline. J Clin Oncol. (2017) 35:893–911. doi: 10.1200/JCO.2016.70.5400

4. Hajjar LA, Mathias C. Cardio-oncology in Brazil: the dimensions of a new era in the care of patients. JACC CardioOncol. (2020) 2:340–2. doi: 10.1016/j.jaccao.2020.05.004

5. Rassaf T, Totzeck M, Backs J, Bokemeyer C, Hallek M, Hilfiker-Kleiner D, et al. Onco-cardiology: consensus paper of the German cardiac society, the German society for pediatric cardiology and congenital heart defects and the German society for hematology and medical oncology. Clin Res Cardiol. (2020) 109:1197–222. doi: 10.1007/s00392-020-01636-7

6. Canale ML, Turazza F, Lestuzzi C, Parrini I, Camerini A, Russo G, et al. Portrait of Italian cardio-oncology: results of a nationwide associazione nazionale medici cardiologi ospedalieri (ANMCO) survey. Front Cardiovasc Med. (2021) 8:677544. doi: 10.3389/fcvm.2021.677544

7. Westergaard D, Moseley P, Sørup FKH, Baldi P, Brunak S. Population-wide analysis of differences in disease progression patterns in men and women. Nat Commun. (2019) 10:666. doi: 10.1038/s41467-019-08475-9

8. Yang H, Pawitan Y, Fang F, Czene K, Ye W. Biomarkers and disease trajectories influencing women’s health: results from the UK biobank cohort. Phenomics. (2022) 12:1–10. doi: 10.1007/s43657-022-00054-1

9. Arrospide A, Machón M, Ramos-Goñi JM, Ibarrondo O, Mar J. Inequalities in health-related quality of life according to age, gender, educational level, social class, body mass index and chronic diseases using the Spanish value set for Euroquol 5D–5L questionnaire. Health Qual Life Outcomes. (2019) 17:69. doi: 10.1186/s12955-019-1134-9

10. Pucci G, Alcidi R, Tap L, Battista F, Mattace-Raso F, Schillaci G. Sex- and gender-related prevalence, cardiovascular risk and therapeutic approach in metabolic syndrome: a review of the literature. Pharmacol Res. (2017) 120:34–42. doi: 10.1016/j.phrs.2017.03.008

11. Bui AL, Horwich TB, Fonarow GC. Epidemiology and risk profile of heart failure. Nat Rev Cardiol. (2011) 8:30–41. doi: 10.1038/nrcardio.2010.165

12. Gong IY, Tan NS, Ali SH, Lebovic G, Mamdani M, Goodman SG, et al. Temporal trends of women enrollment in major cardiovascular randomized clinical trials. Can J Cardiol. (2019) 35:653–60. doi: 10.1016/j.cjca.2019.01.010

13. Owan TE, Hodge DO, Herges RM, Jacobsen SJ, Roger VL, Redfield MM. Trends in prevalence and outcome of heart failure with preserved ejection fraction. N Engl J Med. (2006) 355:251–9. doi: 10.1056/NEJMoa052256

14. Azevedo A. Gender differences in heart failure. Heart. (2008) 94:264–5. doi: 10.1136/hrt.2006.110668

15. Russo G, Rea F, Barbati G, Cherubini A, Stellato K, Scagnetto A, et al. Sex-related differences in chronic heart failure: a community-based study. J Cardiovasc Med. (2021) 22:36–44. doi: 10.2459/JCM.0000000000001049

16. Davis MB, Arany Z, McNamara DM, Goland S, Elkayam U. Peripartum cardiomyopathy: JACC state- of-the-art review. J Am Coll Cardiol. (2020) 75:207–21. doi: 10.1016/j.jacc.2019.11.014

17. Bowles EJ, Wellman R, Feigelson HS, Onitilo AA, Freedman AN, Delate T, et al. Risk of heart failure in breast cancer patients after anthracycline and trastuzumab treatment: a retrospective cohort study. J Natl Cancer Inst. (2012) 104:1293–305. doi: 10.1093/jnci/djs317

18. Sharkey SW, Maron BJ. Epidemiology and clinical profile of Takotsubo cardiomyopathy. Circ J. (2014) 78:2119–28. doi: 10.1253/circj.cj-14-0770

19. Huxley RR, Woodward M. Cigarette smoking as a risk factor for coronary heart disease in women compared with men: a systematic review and meta-analysis of prospective cohort studies. Lancet. (2011) 378:1297–305. doi: 10.1016/S0140-6736(11)60781-2

20. Peters SA, Huxley RR, Woodward M. Diabetes as risk factor for incident coronary heart disease in women compared with men: a systematic review and meta-analysis of 64 cohorts including 858,507 individuals and 28,203 coronary events. Diabetologia. (2014) 57:1542–51. doi: 10.1007/s00125-014-3260-6

21. Regensteiner JG, Golden S, Huebschmann AG, Barrett-Connor E, Chang AY, Chyun D, et al. Sex differences in the cardiovascular consequences of diabetes mellitus: a scientific statement from the american heart association. Circulation. (2015) 132:2424–47. doi: 10.1161/CIR.0000000000000343

22. Levy D, Larson MG, Vasan RS, Kannel WB, Ho KK. The progression from hypertension to congestive heart failure. JAMA. (1996) 275:1557–62.

23. Cesaroni G, Mureddu GF, Agabiti N, Mayer F, Stafoggia M, Forastiere F, et al. Sex differences in factors associated with heart failure and diastolic left ventricular dysfunction: a cross-sectional population-based study. BMC Public Health. (2021) 21:415. doi: 10.1186/s12889-021-10442-3

24. Joyce E, Lala A, Stevens SR, Cooper LB, AbouEzzeddine OF, Groarke JD, et al. Prevalence, profile, and prognosis of severe obesity in contemporary hospitalized heart failure trial populations. JACC Heart Fail. (2016) 4:923–31. doi: 10.1016/j.jchf.2016.09.013

25. Echouffo-Tcheugui JB, Guan J, Retnakaran R, Shah BR. Gestational diabetes and incident heart failure: a cohort study. Diabetes Care. (2021) 44:2346–52. doi: 10.2337/dc21-0552

26. McDonald SD, Malinowski A, Zhou Q, Yusuf S, Devereaux PJ. Cardiovascular sequelae of preeclampsia/eclampsia: a systematic review and meta-analyses. Am Heart J. (2008) 156:918–30. doi: 10.1016/j.ahj.2008.06.042

27. Countouris ME, Villanueva FS, Berlacher KL, Cavalcante JL, Parks WT, Catov JM. Association of hypertensive disorders of pregnancy with left ventricular remodeling later in life. J Am Coll Cardiol. (2021) 77:1057–68. doi: 10.1016/j.jacc.2020.12.051

28. Lyon AR, López-Fernández T, Couch LS, Asteggiano R, Aznar MC, Bergler-Klein J, et al. 2022 ESC guidelines on cardio-oncology developed in collaboration with the European hematology association (EHA), the European society for therapeutic radiology and oncology (ESTRO) and the international cardio-oncology society (IC-OS). Eur Heart J Cardiovasc Imaging. (2022) 23:e333–465. doi: 10.1093/ehjci/jeac106

29. Nysom K, Colan DC, Lipshultz SE. Late cardiotoxicity following anthracycline therapy for childhood cancer. Prog Pediatr Cardiol. (1998) 8:121–38. doi: 10.1016/S1058-9813(98)00008-3

30. Lipshultz SE, Lipsitz SR, Mone SM, Goorin AM, Sallan SE, Sanders SP, et al. Female sex and higher drug dose as risk factors for late cardiotoxic effects of doxorubicin therapy for childhood cancer. N Engl J Med. (1995) 332:1738–43. doi: 10.1056/NEJM199506293322602

31. Mulrooney DA, Yeazel MW, Kawashima T, Mertens AC, Mitby P, Stovall M, et al. Cardiac outcomes in a cohort of adult survivors of childhood and adolescent cancer: retrospective analysis of the childhood cancer survivor study cohort. BMJ. (2009) 339:b4606. doi: 10.1136/bmj.b4606

32. van Dalen EC, van der Pal HJ, Kok WE, Caron HN, Kremer LC. Clinical heart failure during pregnancy and delivery in a cohort of female childhood cancer survivors treated with anthracyclines. Eur J Cancer. (2006) 42:2549–53. doi: 10.1016/j.ejca.2006.04.014

33. van der Pal HJ, van Dalen EC, van Delden E, van Dijk IW, Kok WE, Geskus RB, et al. High risk of symptomatic cardiac events in childhood cancer survivors. J Clin Oncol. (2012) 30:1429–37. doi: 10.1200/JCO.2010.33.4730

34. Myrehaug S, Pintilie M, Yun L, Crump M, Tsang RW, Meyer RM, et al. A population-based study of cardiac morbidity among Hodgkin lymphoma patients with preexisting heart disease. Blood. (2010) 116:2237–40. doi: 10.1182/blood-2010-01-263764

35. Wang L, Tan TC, Halpern EF, Neilan TG, Francis SA, Picard MH, et al. Major cardiac events and the value of echocardiographic evaluation in patients receiving anthracycline-based chemotherapy. Am J Cardiol. (2015) 116:442–6. doi: 10.1016/j.amjcard.2015.04.064

36. Moulin M, Solgadi A, Veksler V, Garnier A, Ventura-Clapier R, Chaminade P. Sex-specific cardiac cardiolipin remodelling after doxorubicin treatment. Biol Sex Dif. (2015) 6:20. doi: 10.1186/s13293-015-0039-5

37. Jenkins GR, Lee T, Moland CL, Vijay V, Herman EH, Lewis SM, et al. Sex-related differential susceptibility to doxorubicin-induced cardiotoxicity in B6C3F1 mice. Toxicol Appl Pharmacol. (2016) 310:159–74. doi: 10.1016/j.taap.2016.09.012

38. Cannatà A, Fabris E, Merlo M, Artico J, Gentile P, Pio Loco C, et al. Sex differences in the long-term prognosis of dilated cardiomyopathy. Can J Cardiol. (2020) 36:37–44. doi: 10.1016/j.cjca.2019.05.031

39. Ventura-Clapier R, Dworatzek E, Seeland U, Kararigas G, Arnal JF, Brunelleschi S, et al. Sex in basic research: concepts in the cardiovascular field. Cardiovasc Res. (2017) 113:711–24.

40. Kararigas G, Bito V, Tinel H, Becher E, Baczko I, Knosalla C, et al. Transcriptome characterization of estrogen-treated human myocardium identifies myosin regulatory light chain interacting protein as a sex-specific element influencing contractile function. J Am Coll Cardiol. (2012) 59:410–7. doi: 10.1016/j.jacc.2011.09.054

41. Lagranha CJ, Deschamps A, Aponte A, Steenbergen C, Murphy E. Sex differences in the phosphorylation of mitochondrial proteins result in reduced production of reactive oxygen species and cardioprotection in females. Circ Res. (2012) 106:1681–91. doi: 10.1161/CIRCRESAHA.109.213645

42. Wilcox NS, Rotz SJ, Mullen M, Song EJ, Hamilton BK, Moslehi J, et al. Sex-specific cardiovascular risks of cancer and its therapies. Circ Res. (2022) 130:632–51. doi: 10.1161/CIRCRESAHA.121.319901

43. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2019. CA Cancer J Clin. (2019) 69:7–34.

44. Alfasi A, Ben-Aharon I. Breast cancer during pregnancy-current paradigms, paths to explore. Cancers. (2019) 11:1669. doi: 10.3390/cancers11111669

45. Amant F, Verheecke M, Wlodarska I, Dehaspe L, Brady P, Brison N, et al. Presymptomatic identification of cancers in pregnant women during noninvasive prenatal testing. JAMA Oncol. (2015) 1:814–9. doi: 10.1001/jamaoncol.2015.1883

46. de Haan J, Verheecke M, Van Calsteren K, Van Calster B, Shmakov RG, Mhallem Gziri M, et al. Oncological management and obstetric and neonatal outcomes for women diagnosed with cancer during pregnancy: a 20-year international cohort study of 1170 patients. Lancet Oncol. (2018) 19:337–46. doi: 10.1016/S1470-2045(18)30059-7

47. Poggio F, Tagliamento M, Pirrone C, Soldato D, Conte B, Molinelli C, et al. Update on the management of breast cancer during pregnancy. Cancers. (2020) 12:3616. doi: 10.3390/cancers12123616

48. Loibl S, Schmidt A, Gentilini O, Kaufman B, Kuhl C, Denkert C, et al. Breast cancer diagnosed during pregnancy: adapting recent advances in breast cancer care for pregnant patients. JAMA Oncol. (2015) 1:1145–53. doi: 10.1001/jamaoncol.2015.2413

49. Amant F, Loibl S, Neven P, Van Calsteren K. Breast cancer in pregnancy. Lancet. (2012) 379:570–9. doi: 10.1016/S0140-6736(11)61092-1

50. Leslie KK, Koil C, Rayburn WF. Chemotherapeutic drugs in pregnancy. Obstet Gynecol Clin North Am. (2005) 32:627–40. doi: 10.1016/j.ogc.2005.08.009

51. Cardonick E, Iacobucci A. Use of chemotherapy during human pregnancy. Lancet Oncol. (2004) 5:283–91. doi: 10.1016/S1470-2045(04)01466-4

52. Peccatori FA, Azim HA Jr., Orecchia R, Hoekstra HJ, Pavlidis N, Kesic V, et al. Cancer, pregnancy and fertility: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann Oncol. (2013) 24(Suppl. 6):vi160–70. doi: 10.1093/annonc/mdt199

53. Paluch-Shimon S, Cardoso F, Partridge AH, Abulkhair O, Azim HA Jr., Bianchi-Micheli G, et al. ESO-ESMO 4th international consensus guidelines for breast cancer in young women (BCY4). Ann Oncol. (2020) 31:674–96. doi: 10.1016/j.annonc.2020.03.284

54. Cardoso F, Kyriakides S, Ohno S, Penault-Llorca F, Poortmans P, Rubio IT, et al. Early breast cancer: ESMO clinical practice guidelines for diagnosis, treatment and follow-up. Ann Oncol. (2019) 30:1674. doi: 10.1093/annonc/mdz189

55. Shechter Maor G, Czuzoj-Shulman N, Spence AR, Abenhaim HA. Neonatal outcomes of pregnancy-associated breast cancer: Population-based study on 11 million births. Breast J. (2019) 25:86–90. doi: 10.1111/tbj.13156

56. Bar-Joseph H, Peccatori FA, Goshen-Lago T, Cribiù FM, Scarfone G, Miller I, et al. Cancer during pregnancy: the role of vascular toxicity in chemotherapy-induced placental toxicity. Cancers. (2020) 12:1277. doi: 10.3390/cancers12051277

57. Amant F, Vandenbroucke T, Verheecke M, Fumagalli M, Halaska MJ, Boere I, et al. Pediatric outcome after maternal cancer diagnosed during pregnancy. N Engl J Med. (2015) 373:1824–34. doi: 10.1056/NEJMoa1508913

58. Andrikopoulou A, Apostolidou K, Chatzinikolaou S, Bletsa G, Zografos E, Dimopoulos MA, et al. Trastuzumab administration during pregnancy: an update. BMC Cancer. (2021) 21:463. doi: 10.1186/s12885-021-08162-3

59. Lambertini M, Martel S, Campbell C, Guillaume S, Hilbers FS, Schuehly U, et al. Pregnancies during and after trastuzumab and/or lapatinib in patients with human epidermal growth factor receptor 2-positive early breast cancer: analysis from the NeoALTTO (BIG 1-06) and ALTTO (BIG 2-06) trials. Cancer. (2019) 125:307–16. doi: 10.1002/cncr.31784

60. Howlader N, Noone AM, Krapcho M, Miller D, Brest A, Yu M, et al. SEER cancer statistics review, 1975-2017. Bethesda, MD: National Cancer Institute (2020).

61. Robison LL, Hudson MM. Survivors of childhood and adolescent cancer: life-long risks and responsibilities. Nat Rev Cancer. (2014) 14:61–70. doi: 10.1038/nrc3634

62. Vassal G, Schrappe M, Pritchard- Jones K, Arnold F, Luisa B, Andrea B, et al. The SIOPE strategic plan: a European cancer plan for children and adolescents. J Cancer Policy. (2016) 8:17–32.

63. van den Belt-Dusebout AW, Nuver J, de Wit R, Gietema JA, ten Bokkel Huinink WW, Rodrigus PT, et al. Long-term risk of cardiovascular disease in 5-year survivors of testicular cancer. J Clin Oncol. (2006) 24:467–75. doi: 10.1200/JCO.2005.02.7193

64. Chao C, Bhatia S, Xu L, Cannavale KL, Wong FL, Huang PS, et al. Chronic comorbidities among survivors of adolescent and young adult cancer. J Clin Oncol. (2020) 38:3161–74. doi: 10.1200/JCO.20.00722

65. Devine KA, Christen S, Mulder RL, Brown MC, Ingerski LM, Mader L, et al. Recommendations for the surveillance of education and employment outcomes in survivors of childhood, adolescent, and young adult cancer: a report from the International Late Effects of Childhood Cancer Guideline Harmonization Group. Cancer. (2022) 128:2405–19. doi: 10.1002/cncr.34215

66. Armenian SH, Xu L, Ky B, Sun C, Farol LT, Pal SK, et al. Cardiovascular disease among survivors of adult-onset cancer: a community-based retrospective cohort study. J Clin Oncol. (2016) 34:1122–30. doi: 10.1200/JCO.2015.64.0409

67. Armenian SH, Armstrong GT, Aune G, Chow EJ, Ehrhardt MJ, Ky B, et al. Cardiovascular disease in survivors of childhood cancer: insights into epidemiology, pathophysiology, and prevention. J Clin Oncol. (2018) 36:2135–44. doi: 10.1200/JCO.2017.76.3920

68. Hines MR, Mulrooney DA, Hudson MM, Ness KK, Green DM, Howard SC, et al. Pregnancy-associated cardiomyopathy in survivors of childhood cancer. J Cancer Surviv. (2016) 10:113–21. doi: 10.1007/s11764-015-0457-8

69. Liu S, Aghel N, Belford L, Silversides CK, Nolan M, Amir E, et al. Cardiac outcomes in pregnant women with treated cancer. J Am Coll Cardiol. (2018) 72:2087–9. doi: 10.1016/j.jacc.2018.07.085

70. Bar J, Davidi O, Goshen Y, Hod M, Yaniv I, Hirsch R. Pregnancy outcome in women treated with doxorubicin for childhood cancer. Am J Obstet Gynecol. (2003) 189:853–7. doi: 10.1067/s0002-9378(03)00837-8

71. Thompson KA, Hildebrandt MA, Ater JL. Cardiac outcomes with pregnancy after cardiotoxic therapy for childhood cancer. J Am Coll Cardiol. (2017) 69:594–5. doi: 10.1016/j.jacc.2016.11.040

72. van Dalen EC, van der Pal HJ, van den Bos C, Kok WE, Caron HN, Kremer LC. Clinical heart failure during pregnancy and delivery in a cohort of female childhood cancer survivors treated with anthracyclines. Eur J Cancer. (2006) 42:2549–53.

73. Chait-Rubinek L, Mariani JA, Goroncy N, Herschtal A, Wheeler GC, Dwyer MK, et al. A retrospective evaluation of risk of peripartum cardiac dysfunction in survivors of childhood, adolescent and young adult malignancies. Cancers. (2019) 11:1046. doi: 10.3390/cancers11081046

74. Nolan M, Oikonomou EK, Silversides CK, Hines MR, Thompson KA, Campbell BA, et al. Impact of cancer therapy-related cardiac dysfunction on risk of heart failure in pregnancy. JACC CardioOncol. (2020) 2:153–62. doi: 10.1016/j.jaccao.2020.04.007

75. Zgardau A, Ray JG, Baxter NN, Nagamuthu C, Park AL, Gupta S, et al. Obstetrical and perinatal outcomes in female survivors of childhood and adolescent cancer: a population-based cohort study. J Natl Cancer Inst. (2022) 114:553–64. doi: 10.1093/jnci/djac005

76. enkatesulu BP, Mahadevan LS, Aliru ML, Yang X, Bodd MH, Singh PK, et al. Radiation-induced endothelial vascular injury: a review of possible mechanisms. JACC Basic Transl Sci. (2018) 3:563–72. doi: 10.1016/j.jacbts.2018.01.014

77. Stewart FA, Hoving S, Russell NS. Vascular damage as an underlying mechanism of cardiac and cerebral toxicity in irradiated cancer patients. Radiat Res. (2010) 174:865–9. doi: 10.1667/RR1862.1

78. Herrmann J. Adverse cardiac effects of cancer therapies: cardiotoxicity and arrhythmia. Nat Rev Cardiol. (2020) 17:474–502. doi: 10.1038/s41569-020-0348-1

79. Herrmann J. Vascular toxic effects of cancer therapies. Nat Rev Cardiol. (2020) 17:503–22. doi: 10.1038/s41569-020-0347-2

80. Brosius FC III, Waller BF, Roberts WC. Radiation heart disease. Analysis of 16 young (aged 15 to 33 years) necropsy patients who received over 3,500 rads to the heart. Am J Med. (1981) 70:519–30. doi: 10.1016/0002-9343(81)90574-x

81. Virmani R, Farb A, Carter AJ, Jones RM. Pathology of radiation-induced coronary artery disease in human and pig. Cardiovasc Radiat Med. (1999) 1:98–101. doi: 10.1016/s1522-1865(98)00010-9

82. Taylor C, Correa C, Duane FK, Aznar MC, Anderson SJ, Bergh J, et al. Estimating the risks of breast cancer radiotherapy: evidence from modern radiation doses to the lungs and heart and from previous randomized trials. J Clin Oncol. (2017) 35:1641–9. doi: 10.1200/JCO.2016.72.0722

83. Shaw LJ, Bugiardini R, Merz CN. Women and ischemic heart disease: evolving knowledge. J Am Coll Cardiol. (2009) 54:1561–75. doi: 10.1016/j.jacc.2009.04.098

84. Herrmann J, Kaski JC, Lerman A. Coronary microvascular dysfunction in the clinical setting: from mystery to reality. Eur Heart J. (2012) 33:2771b–82b. doi: 10.1093/eurheartj/ehs246

85. Regitz-Zagrosek V, Oertelt-Prigione S, Prescott E, Franconi F, Gerdts E, Foryst-Ludwig A, et al. Gender in cardiovascular diseases: impact on clinical manifestations, management, and outcomes. Eur Heart J. (2016) 37:24–34. doi: 10.1093/eurheartj/ehv598

86. Meattini I, Poortmans PM, Aznar MC, Becherini C, Bonzano E, Cardinale D, et al. Association of breast cancer irradiation with cardiac toxic effects: a narrative review. JAMA Oncol. (2021) 7:924–32. doi: 10.1001/jamaoncol.2020.7468

87. Leonard EA, Marshall RJ. Cardiovascular disease in women. Prim Care. (2018) 45:131–41. doi: 10.1016/j.pop.2017.10.004

88. Darby SC, Ewertz M, McGale P, Bennet AM, Blom-Goldman U, Brønnum D, et al. Risk of ischemic heart disease in women after radiotherapy for breast cancer. N Engl J Med. (2013) 368:987–98. doi: 10.1056/NEJMoa1209825

89. Chmielewski-Stivers N, Petit B, Ollivier J, Monceau V, Tsoutsou P, Quintela Pousa A, et al. Sex-specific differences in toxicity following systemic paclitaxel treatment and localized cardiac radiotherapy. Cancers. (2021) 13:3973. doi: 10.3390/cancers13163973

90. Galper SL, Yu JB, Mauch PM, Strasser JF, Silver B, Lacasce A, et al. Clinically significant cardiac disease in patients with Hodgkin lymphoma treated with mediastinal irradiation. Blood. (2011) 117:412–8. doi: 10.1182/blood-2010-06-291328

91. Khalid Y, Fradley M, Dasu N, Dasu K, Shah A, Levine A. Gender disparity in cardiovascular mortality following radiation therapy for Hodgkin’s lymphoma: a systematic review. Cardiooncology. (2020) 6:12. doi: 10.1186/s40959-020-00067-7

92. Mulrooney DA, Hyun G, Ness KK, Ehrhardt MJ, Yasui Y, Duprez D, et al. Major cardiac events for adult survivors of childhood cancer diagnosed between 1970 and 1999: report from the childhood cancer survivor study cohort. BMJ. (2020) 368:l6794. doi: 10.1136/bmj.l6794

93. van Nimwegen FA, Schaapveld M, Janus CP, Krol AD, Petersen EJ, Raemaekers JM, et al. Cardiovascular disease after Hodgkin lymphoma treatment: 40-year disease risk. JAMA Intern Med. (2015) 175:1007–17. doi: 10.1001/jamainternmed.2015.1180

94. Kennedy LB, Salama AKS. A review of cancer immunotherapy toxicity. CA Cancer J Clin. (2020) 70:86–104. doi: 10.3322/caac.21596

95. Yang H, Yao Z, Zhou X, Zhang W, Zhang X, Zhang F. Immune-related adverse events of checkpoint inhibitors: insights into immunological dysregulation. Clin Immunol. (2020) 213:108377. doi: 10.1016/j.clim.2020.108377

96. Duma N, Abdel-Ghani A, Yadav S, Hoversten KP, Reed CT, Sitek AN, et al. Sex differences in tolerability to anti-programmed cell death protein 1 therapy in patients with metastatic melanoma and non-small cell lung cancer: are we all equal? Oncologist. (2019) 24:e1148–55. doi: 10.1634/theoncologist.2019-0094

97. Jing Y, Zhang Y, Wang J, Li K, Chen X, Heng J, et al. Association between sex and immune-related adverse events during immune checkpoint inhibitor therapy. J Natl Cancer Inst. (2021) 113:1396–404. doi: 10.1093/jnci/djab035

98. Wilcox NS, Rotz SJ, Mullen M, Song EJ, Ky Hamilton B, Moslehi J, et al. Sex-specific cardiovascular risks of cancer and its therapies. Circ Res. (2022) 130:632–51.

99. Zamami Y, Niimura T, Okada N, Koyama T, Fukushima K, Izawa-Ishizawa Y, et al. Factors associated with immune checkpoint inhibitor-related myocarditis. JAMA Oncol. (2019) 5:1635–7. doi: 10.1001/jamaoncol.2019.3113

100. Swain SM, Whaley FS, Ewer MS. Congestive heart failure in patients treated with doxorubicin: a retrospective analysis of three trials. Cancer. (2003) 97:2869–79. doi: 10.1002/cncr.11407

101. Doyle JJ, Neugut AI, Jacobson JS, Grann VR, Hershman DL. Chemotherapy and cardiotoxicity in older breast cancer patients: a population-based study. J Clin Oncol. (2005) 23:8597–605. doi: 10.1200/JCO.2005.02.5841

102. Pinder MC, Duan Z, Goodwin JS, Hortobagyi GN, Giordano SH. Congestive heart failure in older women treated with adjuvant anthracycline chemotherapy for breast cancer. J Clin Oncol. (2007) 25:3808–15. doi: 10.1200/JCO.2006.10.4976

103. Du XL, Xia R, Liu CC, Cormier JN, Xing Y, Hardy D, et al. Cardiac toxicity associated with anthracycline-containing chemotherapy in older women with breast cancer. Cancer. (2009) 115:5296–308. doi: 10.1002/cncr.24621

104. Launay-Vacher V, Gligorov J, Le Tourneau C, Janus N, Spano JP, Ray-Coquard I, et al. Prevalence of renal insufficiency in breast cancer patients and related pharmacological issues. Breast Cancer Res Treat. (2010) 124:745–53. doi: 10.1007/s10549-008-0131-1

105. Krischer JP, Epstein S, Cuthbertson DD, Goorin AM, Epstein ML, Lipshultz SE. Clinical cardiotoxicity following anthracycline treatment for childhood cancer: the pediatric oncology group experience. J Clin Oncol. (1997) 15:1544–52. doi: 10.1200/JCO.1997.15.4.1544

106. Hershman DL, McBride RB, Eisenberger A, Tsai WY, Grann VR, Jacobson JS. Doxorubicin, cardiac risk factors, and cardiac toxicity in elderly patients with diffuse B-cell non-Hodgkin’s lymphoma. J Clin Oncol. (2008) 26:3159–65. doi: 10.1200/JCO.2007.14.1242

107. Wang S, Prizment A, Thyagarajan B, Blaes A. Cancer treatment-induced accelerated aging in cancer survivors: biology and assessment. Cancers. (2021) 13:427. doi: 10.3390/cancers13030427

108. Cupit-Link MC, Kirkland JL, Ness KK, Armstrong GT, Tchkonia T, LeBrasseur NK, et al. Biology of premature ageing in survivors of cancer. ESMO Open. (2017) 2:e000250. doi: 10.1136/esmoopen-2017-000250

109. López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer G. The hallmarks of aging. Cell. (2013) 153:1194–217. doi: 10.1016/j.cell.2013.05.039

110. Sahin E, Colla S, Liesa M, Moslehi J, Müller FL, Guo M, et al. Telomere dysfunction induces metabolic and mitochondrial compromise. Nature. (2011) 470:359–65. doi: 10.1038/nature09787

111. Demaria M, O’Leary MN, Chang J, Shao L, Liu S, Alimirah F, et al. Cellular senescence promotes adverse effects of chemotherapy and cancer relapse. Cancer Discov. (2017) 7:165–76. doi: 10.1158/2159-8290.CD-16-0241

112. Screever EM, Meijers WC, Moslehi JJ. Age-related considerations in cardio-oncology. J Cardiovasc Pharmacol Ther. (2021) 26:103–13. doi: 10.1177/1074248420968689

113. Chen MS, Lee RT, Garbern JC. Senescence mechanisms and targets in the heart. Cardiovasc Res. (2022) 118:1173–87. doi: 10.1093/cvr/cvab161



OPS/images/fcvm-09-974123-t002.jpg
Authors

Darby et al. (88)

Galper et al. (90)

Khalid etal. (91)

Van Nimwegen
etal. (93)

Year

2013
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case-control study.
Follow-up

0-20 years

Retrospective
Median follow-up:
14.7 years

systematic review
and network
meta-analysis of 10
studies (4
prospective, 6
retrospective).

case-control study

Population

2168 women treated with RT for breast cancer
in the years between 1958 and 2001 in Sweden
and Denmark. Estimation of the mean
radiation dose to the whole heart (MHD) and
to the left anterior descending artery was
performed.

1279 Hodgkin lymphoma patients treated with
mediastinal irradiation between 1969 and 1998
in Harvard-affiliated hospitals.

13,975 Hodgkin’s Lymphoma patients (41%
females, 59% males)

2617 five-year survivors of Hodgkin
lymphoma diagnosed before age 51 years and
treated with radiotherapy and/or
chemotherapy between 1965 and 1995.
Estimation of MHD and MLVD was
performed.

Cardiac outcome

963 major coronary events were documented;
the incidence of major coronary events started
within 5 years after RT, increased linearly with
the mean dose to the heart and continued for
at least two decades. A greater absolute risk
was observed in those with pre-existing CVRF.

636 cardiac events in 187 patients, cardiac
procedures in 89 patients. Absolute excess risk
of irradiated patients was 18.2 for CABG, 19.3
for PCI, 9.4 for implantation of an ICD or a
PM, 14.1 for pericardial surgery. Older age at
diagnosis and male gender predicted cardiac
events.

CV events/mortality significantly higher in
women compared to men. All-cause mortality
was also higher in women compared to men.
Elderly populations showed a higher rate of
mortality, which was even higher for women
than men

91 cases of moderate to severe HF. HF rates
increased at MHD greater than 25 Gy or
MLVD greater than 15 Gy.
Anthracycline-containing chemotherapy
induced an almost 3-fold increase in HF rate.

RT, radiotherapy; CVRE cardiovascular risk factors; CABG, coronary artery by-pass graft; PCI, percutaneous coronary intervention; ICD, implantable cardioverter defibrillator; PM,
pacemaker; HF, heart failure; MHD, median heart dose; MLVD, median left ventricle dose.
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Cardiac outcome

Overall very low incidence (0.3%) of
cardiomyopathy but warning in case of
previous cardiac toxicity, Anthra exposure or
documented cardiomyopathy

Low incidence (5.3%) of heart failure in
general population. All cases occurred in
women with a history of cardiotoxicity

Overall favorable outcome but warning in
those patients with left ventricle disfunction

before pregnancy

Increased incidence of adverse cardiac events
in pregnant vs. non-pregnant survivors.
Higher Anthra cumulative dose and longer
time to first pregnancy were risk factors for

adverse cardiac events.

No heart failure event reported

Peripartum cardiac events were uncommon
but incidence was not negligible. Younger age

at cancer diagnosis and a higher Anthra
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