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ABSTRACT 

The prognosis of breast cancer, the most common cancer in women, is excellent 

due to early diagnosis and improvements in adjuvant treatments. However, the 

cardiotoxicity associated with adjuvant chemotherapy, human epidermal growth 

factor 2 (HER2)-directed therapy, radiotherapy and endocrine therapy is of 

concern. All forms of adjuvant treatments for breast cancer are associated with 

increased cardiovascular morbidity and mortality that usually manifest years or 

even decades later. The early detection of cardiotoxicity is needed to identify 

cardiac changes at an early stage when they may still be reversible. Follow-up 

mainly relies on imaging, especially on somewhat resource-consuming 

echocardiography, but can be supplemented with biomarker measurements from 

blood samples. Our aim was to find associations between the echocardiographic 

changes caused by adjuvant breast cancer treatments and biomarkers to help 

determine which patients need closer cardiac follow-up. 

Altogether, 116 women with breast cancer or ductal carcinoma in situ were 

included in the study. Thirty patients were treated with chemotherapy, radiotherapy 

and endocrine therapy, while 86 patients were treated with radiotherapy ± 

endocrine therapy. Echocardiography was performed and serum samples were 

collected before chemotherapy, before radiotherapy, immediately after 

radiotherapy and at the three-year follow-up. 

In patients who were treated with chemotherapy, we observed a decrease of the 

biomarker homoarginine, low levels of which have been associated with increased 

cardiovascular morbidity and mortality. In addition, structural and functional 

changes in echocardiography were observed. However, tamoxifen, an antiestrogen 

used to lower the risk of breast cancer recurrence, was associated with increased 

homoarginine levels in both chemotherapy-receiving and chemo-naïve patients, 

indicating a possible cardioprotective effect of tamoxifen. 

Transforming growth factor beta 1 (TGF-β1) and platelet-derived growth factor 

(PDGF) are cytokines that are involved in the fibrotic process caused by 

radiotherapy. We found that the levels of these cytokines decreased during 

radiotherapy in chemo-naïve patients and this change was associated with 
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structural and right ventricular function changes. Furthermore, TGF-β1 continued 

to decrease during the three-year follow-up, which was associated with a worsening 

of left ventricular function. The elevated baseline levels of TGF-β1 predicted a 

worsening of right ventricular function during radiotherapy and a decline in left 

ventricular function at the three-year follow-up.  

Additionally, we studied the behavior of ST2, a soluble receptor of interleukin-

33, which has been associated with increased cardiac mortality and morbidity. The 

increase in the ST2 levels during the three-year follow-up was associated with a 

worsening of left ventricular function. 

The patients who used aromatase inhibitors, another form of endocrine 

therapy, were more likely to have a worsening of left ventricular function, as 

measured by global longitudinal strain. This deterioration was already seen during 

radiotherapy in these patients and continued during the three-year follow-up.  

In conclusion, we found changes in several cardiac biomarkers and associations 

with worsening echocardiographic function and structural changes in the 

myocardium. None of the biomarkers we examined have been studied before in a 

similar population of breast cancer patients with regard to cardiotoxicity with a 

focus on radiotherapy-induced changes. The results support the idea that 

biomarker measurements from blood samples may be an easily available method in 

the future to distinguish which of the numerous breast cancer survivors are at 

increased risk for cardiotoxicity and need closer cardiac follow-up by imaging.  
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TIIVISTELMÄ 

Rintasyöpään, naisten yleisimpään syöpään, sairastuneiden ennuste on nykyään 

erinomainen. Ennusteen paranemiseen on vaikuttanut rintasyövän varhaisempi 

toteaminen ja liitännäishoitojen käyttö. Liitännäishoitoina käytettyihin 

sytostaattihoitoihin, human epidermal growth factor 2 (HER2)-reseptoriin 

kohdennettuihin hoitoihin, sädehoitoon sekä hormonaalisiin hoitoihin kaikkiin 

liittyy kuitenkin sydämeen kohdistuvia haittavaikutuksia, jotka ilmaantuvat 

tyypillisesti vuosia tai jopa vuosikymmeniä hoitojen päättymisestä. Liitännäishoidot 

lisäävät pitkällä aikavälillä sydänsairastuvuutta ja -kuolleisuutta. Sydänhaittojen 

varhainen tunnistaminen on tärkeää, koska varhain tunnistettuna muutokset 

saattavat palautua sydänhaitan aiheuttaneen hoidon keskeyttämisellä ja 

oikeanlaisella kardiologisella hoidolla. Kansainvälisissä seurantasuosituksissa 

ensisijaisena seurantamenetelmänä ovat kuvantamistutkimukset, erityisesti sydämen 

ultraäänitutkimus. Verinäytteistä mitattavia sydänmerkkiaineita suositellaan 

täydentävänä tutkimusmenetelmänä. Tutkimuksemme tavoitteena oli selvittää 

rintasyövän liitännäishoitojen aiheuttamien sydämen ultraäänilöydösten ja 

sydänmerkkiainepitoisuuksien yhteyksiä, jolloin voisi olla mahdollista tunnistaa 

sydänhaitoille alttiimmat potilaat verinäytteiden avulla tarkempaa yksilöllistä 

sydänseurantaa varten.  

Tutkimukseen osallistui 116 rintasyöpään tai sen esiasteeseen sairastunutta 

naista. Sytostaattihoitoa, sädehoitoa ja hormonaalista hoitoa sai 30 potilasta ja 

sädehoitoa ± hormonaalista hoitoa sai 86 potilasta. Sydämen ultraäänitutkimus ja 

verinäytteiden otto merkkiainemääritystä varten suoritettiin ennen hoitojen 

aloitusta ja hoidon päättyessä sekä kolmen vuoden kuluttua hoidon päättymisestä. 

Sytostaattihoidon aikana totesimme homoarginiinin pitoisuuden pienenevän ja 

sydämen rakenteellisten ja toiminnallisten muutosten ilmenevän. Aiemmissa 

tutkimuksissa homoarginiinin alhaiset pitoisuudet olivat yhteydessä 

sydänsairastuvuuden ja -kuolleisuuden lisääntymiseen. Rintasyövän 

liitännäishormonihoidossa käytettyä tamoksifeeniä saavilla potilailla homoarginiinin 

pitoisuudet sen sijaan kohosivat sekä sytostaattihoidetuilla että sädehoidon 
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saaneilla. Tämä saattaa selittyä tamoksifeenin käyttöön liitetyllä sydäntä suojaavalla 

vaikutuksella. 

Transforming growth factor beta 1 (TGF-β1) and platelet-derived growth factor 

(PDGF) ovat sytokiinejä, joiden ajatellaan olevan osatekijöitä sädehoidon 

synnyttämässä fibroottisessa prosessissa. Totesimme näiden sytokiinien 

pitoisuuksien laskevan sädehoidon aikana. Pitoisuuksien muutoksiin liittyi 

sädehoidon päättyessä sydämen oikean kammion toiminnan huononemista ja 

rakenteellisia muutoksia. Lisäksi TGF-β1-pitoisuus aleni kolmen vuoden seurannan 

aikana entisestään ja oli yhteydessä sydämen vasemman kammion toiminnan 

huononemiseen. Ennen hoitoja mitatut korkeat TGF-β1-pitoisuuden ennustivat 

sädehoidon aikaista oikean kammion ja kolmen vuoden aikana tapahtuvaa 

vasemman kammion toiminnan heikkenemistä. 

ST2 merkkiaineen kohonneisiin pitoisuuksiin liittyy suurempi vaara sairastua ja 

kuolla sydänsairauksiin. Totesimme kolmen vuoden seurannan aikana ST2 

pitoisuuksien nousevan ja samanaikaisesti vasemman kammion toiminnan 

heikkenevän.  

Aromataasiestäjiä hormonaalisena hoitona käyttävillä potilailla vasemman 

kammion toiminta alkoi heikentyä jo sädehoidon aikana ja heikkeneminen jatkui 

kolmen vuoden seurannan aikana.  

Tutkimustemme perusteella totesimme usean sydänmerkkiaineen pitoisuuden 

muuttuvan rintasyövän liitännäishoitojen vaikutuksesta ja näihin muutoksiin liittyi 

sydämen ultraäänellä havaittuja sydämen rakenteen ja toiminnan muutoksia. Yhtään 

tutkimistamme merkkiainesta ei ole aiemmin tutkittu samankaltaisilla rintasyövän 

liitännäishoitoa saaneilla potilailla, samalla sydänperäisiä haittavaikutuksia seuraten. 

Tulokset tukevat ajatusta, että sydänmerkkiaineiden mittaaminen helposti saatavilla 

olevista verinäytteistä saattaa olla hyödyllistä suuremmassa 

sydänsairastuvuusriskissä olevien ja tarkempaa kuvantamisseurantaa vaativien 

potilaiden löytämiseksi rintasyöpähoitoja saaneiden potilaiden joukosta. 
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1 INTRODUCTION 

In recent decades, there has been a rising trend in the number of women diagnosed 

with breast cancer annually. Every eighth woman in Finland is diagnosed with 

breast cancer during their lifetime. At the same time, advances in the early 

diagnosis and treatment of this most common cancer in women have been made. 

More than 90% of the women diagnosed with breast cancer are alive 5 years from 

their diagnosis. (1)  

However, the excellent prognosis comes at a price. All forms of survival- 

improving adjuvant treatments, chemotherapy (2), human epidermal growth factor 

2 (HER2)-directed therapy (3), radiotherapy (RT) (4) and endocrine therapy (5), are 

associated with cardiotoxicity. Approximately 40-80% of breast cancer patients 

receive chemotherapy, and 80% receive RT. This means that there are over 50 000 

breast cancer survivors in Finland who have received potentially cardiotoxic 

adjuvant treatments (1,6). 

Several guidelines have been established to guide the cardiac follow-up of 

cancer patients who have received cardiotoxic treatments. The follow-up is based 

on the finding that if cardiac dysfunction caused by the anticancer treatments is 

detected early on, it is possible to reverse it by discontinuing the cardiotoxic 

treatment and initiating proper cardiac treatment. Echocardiographic examination 

is the main modality suggested in these guidelines for the follow-up of these 

patients. However, performing the examination takes up resources and biomarkers 

have emerged as an appealing supplementary method for the detection of 

cardiotoxicity as they are measured from easily acquired serum samples. Two 

different biomarker groups, troponins and natriuretic peptides, have been studied 

more extensively than others and are proposed in some of the guidelines as 

possible complementary detection methods of cardiotoxicity. (7–12) 

The possibility of utilizing biomarkers to identify patients who need closer 

cardiac follow-up and are at increased risk of cardiotoxicity after adjuvant breast 

cancer treatments led us to design this study. We aimed to find echocardiographic 

changes caused by adjuvant breast cancer chemotherapy, RT and endocrine 

therapy and to find associations between these changes and several novel 
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biomarkers during the adjuvant treatments and during a three-year follow-up after 

the treatments. 
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2 REVIEW OF THE LITERATURE 

2.1 Breast cancer 

2.1.1 Epidemiology 

Breast cancer is the most common cancer in women worldwide (1,13). In 2017, 

4946 Finnish women and 28 men were diagnosed with breast cancer. Additionally, 

624 new cases of ductal carcinoma in situ (DCIS) were recorded the same year. 

Although over 900 patients die each year of breast cancer, the 5-year survival rate is 

excellent and improving. In 2017, the 5-year survival rate was 91%, where as it was 

only 73% thirty years earlier. The excellent treatment results mean that there were 

over 70 000 breast cancer survivors in 2017 (1).  

To establish preventive measures to further lower the incidence and mortality 

of breast cancer, it is important to recognize the risk factors for breast cancer. Risk 

factors that are modifiable are related to lifestyle such as obesity (14), smoking (15) 

and increased alcohol consumption (16). Additionally, many risk factors are related 

to hormonal activity in women. These include early menarche, late menopause 

(17), nulliparity, older age at first live childbirth (18) and hormonal replacement 

therapy lasting over five years (19,20). Other risk factors include increasing age (1), 

increased mammographic breast density (21), benign proliferative breast diseases 

(22), exposure to radiation at a younger age (23,24), and genetic mutations such as 

BRCA-1 and BRCA-2, among other mutations (25). 

2.1.2 Diagnostics 

The suspicion of breast cancer often arises when a palpable lump is found in the 

breast, there are visible changes in the appearance of the breast or an abnormality 

is seen in mammogram screening. With the proper selection of the population to 

be screened, mammogram screening has been shown to reduce breast cancer 
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mortality in 50- to 69-year-old women by 25-31% (26). In Finland, the 

mammogram screening program is implemented every other year on 50-69 year-

old women (27).  

The diagnostic process for suspected breast cancer includes clinical examination 

of the breast, imaging studies and pathological assessment. If any of these factors 

give reason to suspect malignancy, the lesion should be removed for further 

pathological assessment  (28).  

Imaging modalities for breast cancer include mammogram, ultrasound and 

magnetic resonance imaging (MRI). Mammograms and ultrasound are the most 

common and primary imaging modalities. The use of MRI is recommended if the 

results of mammogram and ultrasound are unclear due to, for example, lobular 

histology or dense breast tissue, or if there is evidence of axillary metastatic nodes, 

but no primary tumor. Furthermore, MRI can be used to screen patients with 

genetic mutations that increase the risk of breast cancer or to evaluate the response 

to neoadjuvant chemotherapy. (28,29) 

Multiple core needle biopsies are the standard for breast cancer diagnosis. Fine 

needle biopsy is not reliable enough for pathological assessment with the exception 

of cyst diagnosis and when core needle biopsy is not technically feasible (28).  

2.1.3 Surgery 

To remove local breast cancer, either mastectomy or breast-conserving surgery is 

performed. The long-term survival of breast-conserving surgery equals that of 

mastectomy when it is used in combination with adjuvant RT (30). Regardless of 

the technique, a surgical margin needs to be achieved. A clear margin is defined as 

“no ink on the margin”, and no exact measure in mm is given (31). For quality of 

life reasons, breast-conserving surgery is preferred. In addition, this approach often 

avoids the risks related to breast reconstruction surgery (28,32). Mastectomy 

should be performed when there is extensive disease, the cosmetic results would be 

compromised or RT is contraindicated (28,32). For young women or carriers of 

genetic mutations, mastectomy is preferred as well (28).  

Additionally, axillary lymph nodes need to be staged. Unless a biopsy proves the 

suspicion of lymph node metastasis in preoperative ultrasound, sentinel node 

biopsy (SNB) is considered the standard of axillary staging (28). Axillary lymph 

node dissection (ALND) is associated with a 14% risk of lymphedema and the 

long-term survival and locoregional recurrence are similar to that of SNB in 
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pathologically node-negative breast cancer (33,34). Evidence has emerged in recent 

years that the omission of ALND is also safe in cases of pathologically confirmed 

positive sentinel lymph nodes in SNB if there are no suspicious lymph nodes 

preoperatively, the primary tumor is <5 cm, there are <3 positive nodes on SNB, 

and the patient receives RT postoperatively instead. In three studies, locoregional 

recurrence, disease free survival (DFS) and overall survival (OS) were similar 

whether patients with 1-2 SNB-positive nodes underwent ALND or not (35–37).  

2.1.4 Histology and molecular pathology 

Breast cancer is classified by World Health Organization (WHO) into several 

subtypes of noninvasive and invasive breast cancer (38). Noninvasive breast 

cancer, such as DCIS and lobular carcinoma in situ (LCIS), are considered 

precancerous lesions. However, due to their different clinical behaviors, DCIS 

requires surgical intervention and sometimes adjuvant RT, while LCIS may not 

even require active treatment (32,38).  

Invasive breast cancer is classified into multiple subtypes. The most common 

subtype was previously known as invasive ductal carcinoma. The recommended 

term by the WHO is “invasive carcinoma of no special type”, since it lacks the 

features of any other type. It accounts for 70-80% of cases (28,32,38). The second 

most common type is invasive lobular carcinoma, accounting for 10-15% of cases. 

Other types, accounting for 0.1-5% of cases, include tubular and invasive 

cribriform carcinomas, which have an especially favorable prognosis, carcinoma 

with medullary features, metaplastic carcinoma, carcinoma with apocrine features, 

adenoid cystic and mucinous carcinomas (38). 

Breast cancer is further characterized by molecular, genetic, pathological and 

immunohistochemical (IHC) features for the purposes of prognosis and selection 

of adjuvant treatment. Genetic profiling is the origin of the classification into the 

luminal A, luminal B, non-luminal HER2-positive and basal-like types, but 

pathological and IHC features can also be used to classify breast cancer (32,39). 

Luminal A is the type with features associated with better prognosis: estrogen 

receptor (ER) and progesterone receptor (PR) positivity, HER2 negativity and a 

low Ki67, of approximately <20%. For the luminal B type, ER is always positive, 

but PR and HER2 can be either positive or negative. In HER2-negative luminal B 

type breast cancer high Ki67 or PR negativity distinguish it from luminal A breast 

cancer. On the other hand in HER2-positive luminal B type, PR and Ki-67 can be 
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either. Non-luminal HER2-positive breast cancer is always associated with ER 

negativity and HER2 positivity. In basal-like or triple negative breast cancer all 

three, ER, PR and HER2, are negative (39).  Furthermore,  the Scarff–Bloom–

Richardson grading system is used to classify the differentiation of breast cancer 

into well-differentiated (grade I), moderately differentiated (grade II) and poorly-

differentiated (grade III) carcinomas (28).  

The use of prognostic genomic testing alters the treatment recommendation by 

traditional characteristics, such as ER, PR, HER2, grade and Ki-67, in 25-30% of 

patients (39). A 21-gene prognostic test was used to classify patients with ER-

positive and node-negative breast cancer into low-, intermediate- and high-risk 

patients. Those who were classified as high risk and received chemotherapy and 

tamoxifen had a lower rate of distant recurrence than high-risk patients who 

received only tamoxifen (risk ratio, RR, 0.26, 95% CI 0.13-0.53) (40). In ER- and 

node-positive breast cancer patients who were classified by the 21-gene test as low 

risk, no benefit in DFS was seen with the addition of chemotherapy to tamoxifen 

(hazard ratio, HR, 1.02, 95% CI 0.54-1.93, p=0.97). In contrast, those classified as 

high risk did benefit in DFS from the addition of chemotherapy to tamoxifen (HR 

0.59, 95% CI 0.35-1.01, p=0.033) (41). A large study with over 10 000 participants 

evaluated the benefit of the addition of chemotherapy to endocrine therapy in 

patients classified as intermediate risk. The DFS was 83% and 84% and the OS was 

94% and 94%, in patients receiving endocrine therapy only and in those receiving 

chemotherapy with endocrine therapy, respectively. However, women under the 

age of 50 years seemed to benefit from chemotherapy, p=0.004 (42). A study 

utilizing a 70-gene signature for estimating genomic risk randomized patients to 

receive or not receive chemotherapy, when the clinical risk by ER, PR, HER2, Ki-

67 and grade was high, but the genomic risk was low. The distant recurrence free 

survival was 94.4% (95% CI 92.3-95.9) in patients without chemotherapy and 

95.9% (95% CI 94.0-97.2) in patients treated with chemotherapy, which was not a 

significant difference, (HR  0.78, 95% CI 0.50-1.21, p=0.27) (43). 

In Finland, genomic testing is not currently widely used in the clinic, as more 

evidence is called for before adopting this promising, but expensive method to aid 

in decision making for adjuvant therapy (28).  



 

27 

2.1.5 Staging 

The staging system is used to estimate prognosis and to aid in the planning of the 

adjuvant treatments to improve prognosis. Traditionally, the staging of breast 

cancer has been based on the anatomic classification of the primary tumor (T), 

regional lymph nodes (N) and distant metastases (M) into stages 0, I, II, III and IV. 

However, the eighth edition of the American Joint Committee on Cancer (AJCC) 

takes into account ER, PR and HER-2 receptor status and includes gene 

expression panels for estimating prognosis (44). The St Gallen consensus 

conference statements define low-risk breast cancer, in which adjuvant 

chemotherapy is usually not given, as a highly ER-positive, grade I tumors ≤1 cm 

in size in the absence of nodal metastases. On the other hand, high-risk breast 

cancer, in which adjuvant or neoadjuvant chemotherapy is likely to be given, is 

defined as large tumors >5 cm, inflammatory breast cancer, ≥4 positive nodes, 

pT1bNo or higher in case of HER2 positivity or triple negativity (31,39). Genomic 

testing can be considered to complement pathology assessment when making 

decisions about adjuvant therapy in cases that are not clearly low- or high-risk 

(31,32). 

2.1.6 Adjuvant therapy 

The use of adjuvant therapy became more common in the 1980s and 1990s. A 

substantial drop, up to 25 to 30%, in breast cancer deaths per 100 000 was seen 

between 1987 and 1997 in UK and US populations. This was attributed to the 

earlier diagnosis due to screening and the increased use of adjuvant treatments (45). 

A similar trend was seen in the Finnish population, where the  breast cancer deaths 

per 100 000 peaked in the 1980s in 50- to 59-year-olds and in 60- to 69-year-olds, 

with 24 and 37 deaths per 100 000, respectively (1). In the US population-based 

National Cancer Database report, 78% and 37% of patients with stage III and 

stage I/II breast cancer, respectively, received chemotherapy. Approximately 80% 

of all breast cancer patients receive RT (6). Although national numbers probably 

have some variation, they still indicate that a considerable number of patients 

receive adjuvant treatments each year.   
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2.1.6.1 Chemotherapy 

Early studies from the 1960s and early 1970s demonstrated that adjuvant 

chemotherapy, such as thiotepa, 1-phenylalanine mustard and a combination of 

cyclophosphamide, methotrexate and 5-fluorouracil (CMF), first with vincristine 

and prednisolone in the Cooper regimen and then without, were able to reduce 

recurrence in axillary node positive breast cancer patients after mastectomy (46–

49). The study with thiotepa even showed an improvement in the 5-year OS of 

premenopausal patients with ≥4 positive axillary nodes who received thiotepa, 

compared to those who received placebo, 57% and 24%, respectively (p not 

reported) (46). Multiple later studies showed a 22% reduction in the risk of 

mortality by CMF and this regimen became a standard (50).   

Next, in the late 1980s, anthracyclines, first doxorubicin and later epirubicin, 

were added to the adjuvant therapy regimens, usually in combination with 

cyclophosphamide and 5-fluorouracil (5-FU). Thee absolute difference in breast 

cancer mortality was 4% less in anthracycline-containing regimens than in the CMF 

regimen, with a RR of 0.84 (standard error, SE, 0.03, p<0.001). However, an excess 

mortality of 0.2% was noted due to heart disease, secondary leukemia or 

lymphoma for anthracyclines (51). 

The addition of taxanes, docetaxel and paclitaxel further improved the efficacy 

of adjuvant chemotherapy regimens. In a meta-analysis containing various 

regimens and various numbers of chemotherapy cycles the 8-year gain in breast 

cancer specific survival was 2.8% (SE 0.9, p<0.001) for taxane and anthracycline 

containing regimens, compared with anthracycline containing regimens without 

taxanes (52). Taxanes and anthracyclines should be used sequentially instead of 

concurrently since their sequential use is more effective and less toxic (53). 

If anthracyclines are contraindicated due to underlying cardiovascular 

morbidity, four courses of docetaxel combined with cyclophosphamide is an 

option, as it is associated with an OS benefit when compared with doxorubicin and 

cyclophosphamide regimens, 87% vs. 82% (p=0.03), respectively (54).  

The effect of high-dose chemotherapy followed by autologous stem cell 

transplantation in comparison to conventional chemotherapy was also evaluated in 

several studies. A review of 15 studies found a decrease in relapse free survival (HR 

0.87, 95% CI 0.81-0.93, p<0.001), but this did not translate into better OS (HR 

0.94, 95% CI 0.87-1.02, p=0.13) (55). A Cochrane systematic review came to the 

same conclusions regarding survival, but alarmingly, high-dose chemotherapy was 
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associated with more treatment-related deaths than conventional chemotherapy, 

(HR 7.98, 95% CI 3.99-15.92). 

The benefits and harms of adjuvant chemotherapy must be considered 

individually based on the risk of breast cancer recurrence and the patient’s 

comorbidities. A 10% risk of recurrence in 10 years is considered an indication for 

adjuvant therapy (28). Online tools such as PREDICT can be used to estimate the  

risk for an individual patient based on TNM staging, ER status, HER-2 positivity, 

Ki-67% and grade (56–58) and complementary information can be gathered from 

the prognostic score of genomic test for those who are not clearly low or high risk 

assessed by the clinical factors (31,32,39). 

2.1.6.2 HER2-directed therapy 

HER2 overexpression occurs in approximately 15-20% of breast cancers and 

without treatment it is associated with a worse prognosis than HER2-negative 

breast cancers (59). 

The introduction of trastuzumab in combination with chemotherapy 

significantly improved the survival of patients with HER2-positive breast cancer. 

Trastuzumab is a monoclonal antibody that attaches to the extracellular domain of 

the HER2 receptor and thus prevents the activation of intracellular tyrosine kinase 

signaling, which inhibits cellular proliferation and survival. Additionally, immune 

cells are recruited to destroy tumor cells (60). The 5-year OS improved with the 

addition of trastuzumab to doxorubicin and cyclophosphamide from 87% to 92% 

(p<0.001). In another study, the 10-year OS improved from 75% to 84% when 

trastuzumab was used in combination with doxorubicin, cyclophosphamide and 

paclitaxel (61). An even longer follow-up of 12 years showed an improvement in 

OS from 73% to 80% (62). The most concerning adverse effect of trastuzumab is 

its observed cardiotoxicity, which can be severe, although it is usually reversible 

(63). The cardiotoxicity of trastuzumab is discussed in more detail in section 2.2.2.  

Although the current recommendation for the duration of trastuzumab 

treatment is one year (31,32), shorter and longer durations have been explored. 

Although there was not a substantial difference in distant DFS or OS between 9 

weeks and 1 year of trastuzumab, the primary endpoint of the SOLD study was not 

met, and noninferiority was not proven in DFS (HR 1.39, 2-sided 90% CI 1.12-

1.72)  (64). Another study comparing 9 weeks of trastuzumab to 1 year of 

trastuzumab showed similar results (65). However, one of the two studies 

comparing 6 months to 1 year was able to show noninferiority in the 4-year DFS, 



 

30 

(HR 1.07, 90% CI 0.93-1.24, noninferiority p=0.011) (66,67). On the other hand, 

by increasing the treatment time to 2 years, DFS was not better than that in the 

group treated for 1 year (HR 0.99, 95% CI 0.85-1.14, p=0.86). Moreover, grade III-

IV cardiac events occurred more often with 2 years of treatment than with 1 year, 

20% and 16%, respectively (p not reported) (68).  

The addition of pertuzumab, a monoclonal antibody that prevents HER2 

signaling by inhibiting the dimerization of the HER2 receptor (69), to a 

combination of trastuzumab and standard adjuvant chemotherapy resulted in a 

marginally significant improvement of the 3-year DFS from 93.2% to 94.1%. 

However, the OS difference was not significant (70). 

A tyrosine kinase inhibitor, neratinib, inhibits cell proliferation and survival by 

binding to the intracellular ATP-binding domain of several epidermal growth 

factor receptors, including HER2 (71). Neratinib use was associated with an 

improved DFS compared to placebo after chemotherapy and trastuzumab (HR 

0.73, 95% CI 0.57-0.92, p=0.008). Its effect on OS is not yet known (72). 

Furthermore, in another study the patients who had received trastuzumab and 

chemotherapy for neoadjuvant treatment and had residual disease after surgery 

were assigned to receive either trastuzumab emtansine (T-DM1) or trastuzumab.  

At three years, 88% of those that received T-DM1 were free of invasive disease, 

compared to the 77% of those who received trastuzumab (HR 0.5 , 95% CI 0.39-

0.64, p<0.001) (73).  

2.1.6.3 Neoadjuvant treatment 

In neoadjuvant therapy, the chosen treatment is given before surgery. This 

approach is used to enable breast-conserving surgery but is associated with a higher 

15-year recurrence rate than adjuvant chemotherapy, 21% and 16%, respectively 

(74). It is recommended to consider neoadjuvant chemotherapy in triple-negative 

or HER-2 positive tumors ≥2 cm and/or with positive axillary nodes or in 

inflammatory breast cancer  (28,32).  

The best combination for neoadjuvant therapy is unknown, but for triple-

negative breast cancer, the addition of carboplatin improved the pathological 

complete response (pCR) from 36% without carboplatin to 53% with carboplatin, 

p=0.005 (75). 

For postmenopausal patients with ER-positive tumors, endocrine therapy can 

be considered as neoadjuvant therapy if they are unable to tolerate chemotherapy, 
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as 22-42% of patients initially assessed to require mastectomy had tumor regression 

with tamoxifen or anastrozole that enabled breast-conserving surgery (76).  

In HER2-positive breast cancer, the 3-year event free survival was improved 

from 56% to 71% when patients received neoadjuvant and adjuvant trastuzumab 

in addition to neoadjuvant chemotherapy, compared to neoadjuvant chemotherapy 

alone (HR 0.50, 95% CI 0.38-0.90, p=0.013) (77). Furthermore, pCR was achieved 

with the addition of neoadjuvant trastuzumab to neoadjuvant chemotherapy in 

39% of patients. Achieving pCR was associated with an increased 3-year DFS from 

73% to 88%, p=0.01, and an increased 3-year OS from 86% to 96%, p=0.025 (78). 

The addition of pertuzumab further increased the pCR rate when the combination 

of pertuzumab, trastuzumab and docetaxel was compared to trastuzumab and 

docetaxel, 46% and 31%, respectively (79). Again, patients with pCR had a better 

progression free survival than those who did not achieve pCR, 85% and 75%, 

respectively (80). Replacing chemotherapy and trastuzumab with T-DM1 and 

combining it with pertuzumab did not improve the pCR rate. Only 44% of patients 

who received T-DM1 and pertuzumab achieved pCR, while 56% of the patients 

who received chemotherapy, trastuzumab and pertuzumab achieved pCR (81). 

Lapatinib, in combination with trastuzumab and chemotherapy improved the pCR 

rate, but did not improve the OS (82). 

2.1.6.4 Endocrine therapy 

The effect of endocrine manipulation on breast cancer was realized in the late 

1800s when tumor remission was achieved by bilateral oophorectomy (83). Then, 

endocrine functions were manipulated with ovarian irradiation, androgens, 

estrogens, progestins, pituitary irradiation, adrenalectomy and hypophysectomy 

(84). More modern treatments that are used in the adjuvant treatment of breast 

cancer include antiestrogens, aromatase inhibitors (AIs) and gonadotropin-

releasing hormone agonists (28,32,85,86). 

A meta-analysis concluded that using tamoxifen, an antiestrogen, for five years 

reduced breast cancer mortality by a third in 15 years of follow-up, with an RR of 

0.68 (SE 0.08, p<0.001) for years 10-14. The recurrence rate was significantly 

reduced in only years 0-9, with an RR of 0.68 (SE 0.06, p<0.001) for years 5-9. 

This benefit was not seen in ER-negative breast cancer, but even when the ER 

showed only marginal positivity, patients benefited from tamoxifen (RR 0.67, SE 

0.08, p<0.001). The benefit of tamoxifen was independent of nodal status, age, 

chemotherapy and PR status (87). Continuing tamoxifen beyond five years seems 
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to be beneficial as well. The ATLAS trial reported that breast cancer mortality was 

reduced from 15% to 12% and the recurrence rate was reduced from 25% to 21% 

when tamoxifen was continued for ten years instead of five in ER-positive breast 

cancer (88). Another trial, aTTom, with most patients having unknown ER status, 

showed a reduction in mortality from 24% to 21% and a reduction in the 

recurrence rate from 32% to 28% when tamoxifen was continued for 10 years 

instead of 5 years (89). 

For postmenopausal patients the use of AIs is also an option. AIs inhibit the 

conversion of testosterone and androstenedione into estrone and estradiol, thus 

further lowering the already low estrogen levels of postmenopausal women (90). In 

a meta-analysis, five years of AI treatment was associated with a lower breast 

cancer mortality than five years of tamoxifen, 12.1% and 14.2%, respectively (RR 

0.85, 95% CI 0.75-0.96, p=0.009). If tamoxifen was switched to AI after 2-3 years, 

the breast cancer mortality was 8.7%, and for patients who used tamoxifen for 5 

years, it was 10.1%, p=0.015. Letrozole has also been studied as an extension to 5 

years of tamoxifen. DFS was greater in patients who received letrozole after 

tamoxifen than in patients who received placebo after tamoxifen, 93% and 87% 

(p<0.001), respectively (91). However, considering the increased risks of 

endometrial cancer and thrombotic events associated with tamoxifen (88), as well 

as the increased osteoporosis and cardiac adverse events associated with AIs 

(92,93), the decision to extend endocrine therapy should be made carefully and 

restricted to those with a relatively high risk of recurrence (28,32).  

2.1.6.5 Bone-modifying agents 

Bone-modifying agents, such as bisphosphonates and denosumab, have been 

studied as adjuvant therapies for breast cancer. A meta-analysis found that, in 

postmenopausal patients, bisphosphonates marginally reduced breast cancer 

mortality compared to placebo (RR 0.92, 95% CI 0.83-0.99, p=0.04). Furthermore, 

the rate of recurrence was also slightly reduced (RR 0.94, 95% CI 0.87-1.01, 

p=0.08), and the most significant reduction was seen in bone recurrence (RR 0.83, 

95% CI 0.73-0.94, p=0.004) (94). However, a study with clodronate in node 

positive breast cancer patients found that the rate of visceral metastases was greater 

(50% and 36%, p=0.005) and the DFS was lower (45% vs. 58%, p=0.01) in the 

clodronate group than in the control group, respectively. The OS did not differ 

between the groups (95). In postmenopausal breast cancer patients undergoing 

endocrine therapy with AI, denosumab increased the 8-year DFS from 76% to 
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81%, but the effect on OS is not yet known (96). Although their effect is small, the 

use of bisphosphonates can be considered in at least high-risk postmenopausal 

patients, but the final results for denosumab need to be awaited before a 

recommendation (28,32,97).  

2.1.6.6 Radiotherapy 

X-rays were discovered in 1895, and only a few months after their discovery, they 

were used to treat advanced breast cancer (98). The early treatments in the 1920s 

used orthovoltage X-rays, with an energy of 200-500 kV, which could deliver 

irradiation with low penetrance (approximately 4-6 cm) and resulted in acute and 

late skin reactions (99). In addition, the dose planning was very crude. To estimate 

the fields and energies required to treat a tumor, the patient outlines were traced on 

paper, and the locations of organs and tumors were determined from clinical 

examination before the utilization of 2D native X-rays (100). RT gained more 

popularity after 1927, when the concept of fractionization was realized. It was 

noted that a ram could not be sterilized by a single large radiation dose without 

causing necrosis to the skin of the scrotum. Instead, by delivering smaller multiple 

fractions, the ram was sterilized and skin necrosis was avoided (99). In the 1940s, 

to 1950s, with the invention of betatron and linear accelerators, treatments with 

greater energy and penetrance were adopted (99,101). This enabled the treatment 

of deeper tumors in the lung and pelvis by the 1960s (99). Before the linear 

accelerator became the most common device type, the invention of cobalt-60 units, 

which reduced the treatment time compared to the orthovoltage X-ray treatments, 

paved the way for more widespread use of irradiation (99). The cobalt-60 units 

were in use in Finland from 1956 to 2001 and were replaced by linear accelerators, 

which increased in popularity in the 1980s (102). 

In addition to advances in RT device technology, advances in treatment 

planning enabled more accurate radiation doses to the tumor and the estimation of 

healthy tissue irradiation doses. First, the use of 2D X-ray imaging was adopted. 

Although it was an improvement from clinical examinations and the sketch on 

paper, the exact dose calculation of different organs was not possible until 3D 

imaging with computed tomography (CT) was invented in the 1970s and 

implemented into use for RT planning in the 1980s and 1990s (99,103). For each 

patient’s individual plan, 3D imaging was used to define the gross tumor volume 

(GTV), clinical target volume (CTV) and the planning target volume (PTV) (104). 

The GTV consists of the visible tumor and does not exist for postoperative breast 
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cancer RT. The CTV includes the potential microscopic spread near the tumor, for 

example, the whole breast tissue in breast cancer RT after breast conserving 

surgery in Figure 1. To account for geometrical variations and inaccuracies in 

treatment delivery a margin is set around the CTV to constitute the PTV (104). To 

further improve the accuracy of target delineation, MRI and positron emission 

tomography (PET)-CT are increasingly being used (99,103). However, for adjuvant 

breast cancer RT, CT is the main imaging modality used even today (105). 

The effect of breast cancer RT on recurrence and mortality has been addressed 

in several meta-analyses. A meta-analysis of studies dating from the 1950s to 1990, 

found that patients treated with surgery and RT had a lower local recurrence rate 

compared to surgery alone, 9% and 27%, respectively (106). Additionally, even 

though the 10-year breast cancer mortality was not reduced, the 20-year breast 

cancer mortality was lower in those who underwent surgery and RT than those 

who underwent surgery only, 49% and 53%, respectively. However, the overall 

mortality was not reduced and a slight increase in 20-year non-breast cancer 

mortality was noted for patients treated with RT, mainly from cardiovascular 

causes (106,107). The effects of RT after breast conserving surgery and 

mastectomy were addressed in separate meta-analyses with studies dating prior to 

2000 (108,109). After breast-conserving surgery, the 10-year recurrence rate, 

including locoregional and distant recurrence, was significantly lower in patients 

who received RT than in those who did not, 19% and 35%, respectively. 

Additionally, absolute risk reductions of 3.8% in 15-year breast cancer mortality 

and 3.0% in all-cause mortality were observed. The non-breast cancer mortality 

was slightly higher in those who received RT than in those who did not, but this 

was not a statistically significant difference (108). After mastectomy and axillary 

surgery, another meta-analysis found that 10-year recurrence and 20-year breast 

cancer mortality were unaffected in women without axillary metastases. In patients 

with positive axillary nodes, the 10-year recurrence rate was reduced from 63% to 

52%, and the 20-year breast cancer mortality was reduced from 66% to 58% in 

patients who received RT compared to those who did not (109).  

The extent of radiation therapy in breast cancer varies. After breast-conserving 

surgery, RT to the whole breast is recommended (28,32). Postmastectomy RT to 

the chest wall should be considered in T3 and T4 tumors with negative axillary 

nodes (28,32). In the case of positive axillary nodes, the meta-analysis discussed 

above showed lower recurrence rates and lower breast cancer mortality in both 

patients with 1-3 positive nodes and patients with ≥4 positive nodes (109). 

Although, there has been some controversy regarding nodal irradiation in patients 
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with 1-3 positive nodes, guidelines agree on at least considering nodal irradiation 

(28,32,110). However, there is also variation in what nodal areas are covered with 

RT. For high-risk patients, the axilla, supraclavicular and internal mammary nodes 

should be included as well, but for lower-risk patients the supraclavicular and 

internal mammary nodes could be omitted. There is no clear consensus on what is 

considered a high enough risk to include all these areas, but the extent of nodal 

invasion, tumor size, tumor grade, presence of lymphovascular invasion and the 

tumor locations should be taken into account when making the decision 

(28,32,110). In the case of isolated tumor cells (ITCs) or micrometastases in the 

SNB, no further axillary surgery for patients who undergo whole breast irradiation 

is required. The 10-year DFS was similar in those who underwent axillary 

dissection after ITCs or micrometastasis were found in SNB and in those who did 

not, 75% and 77%, respectively (111). Furthermore, the European Society for 

Medical Oncology guideline on early breast cancer recommends that the decision 

for systemic therapy should be made based on factors other than micrometastases 

or ITCs, but the consensus on the need and the extent of RT is unsettled (32). 

 

 

Figure 1.  A radiotherapy plan for adjuvant treatment of breast cancer with entire remaining breast 
tissue as target volume executed with tangential fields. Different heart structures are 
contoured to determine radiation dose to these structures.  
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2.2 Cardiotoxicity of breast cancer treatments 

The use of anticancer treatments has improved the survival of breast cancer 

patients, as discussed above, but with the addition of new therapies, there is 

growing concern for morbidity and mortality from side effects among the 

increasing number of cancer survivors (112). 

Most commonly, cardiotoxicity is defined as left ventricular dysfunction (LVD) 

or heart failure (HF), and most clinical studies on the cardiotoxicity of breast 

cancer treatments focus on these changes that occur rather late (7–10). 

Additionally, different modalities of cancer treatment can increase the risk of 

coronary artery disease (CAD), pericarditis, valvular abnormalities and conduction 

disturbances (7,8,10,12).  

2.2.1 Chemotherapy-induced cardiotoxicity 

The most studied cardiotoxicity-inducing chemotherapy is the anthracycline group, 

which is commonly used for breast cancer in the adjuvant setting. For 

anthracyclines, including doxorubicin and epirubicin, toxicity has been found to be 

dose-dependent. A doxorubicin dose <150 mg/m² resulted in HF in 0.2% of 

patients, but 7% experienced some kind of cardiac event (2). For patients receiving 

doses of 350 mg/m² and 550 mg/m², <5% and 26% experienced HF, and 18% 

and 65% suffered a cardiac event, respectively (2). For patients with metastatic 

breast cancer, in addition to the anthracycline dose, risk factors that increased the 

likelihood of cardiotoxicity were age, predisposition to cardiac disease, history of 

mediastinal irradiation, or antihormonal treatment for metastatic breast cancer 

(113). 

In the adjuvant chemotherapy setting for breast cancer, epirubicin is often 

favored over doxorubicin as it is considered to have a more favorable toxicity 

profile (114). However, the use of epirubicin is not without cardiac risks. In a study 

of six courses of cyclophosphamide, epirubicin and fluorouracil (CEF), 31% of 

patients experienced LVD, and 2.3% developed HF during the follow-up that 

lasted over 8 years (115). Among the patients who developed LVD, RT for left-

sided breast cancer and concomitant diseases, such as hypertension, 

hypercholesterolemia and diabetes, were more common (115). In another study, 

the epirubicin-related risk of LVD was estimated to be 1.4% after a seven-year 

follow-up (116). Since both of these studies contain multiple agents, they reflect a 
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composite cardiotoxicity risk for this commonly used regimen for early breast 

cancer.  

The mechanisms behind chemotherapy cardiotoxicities vary. Anthracyclines 

cause cardiotoxicity by inducing myocyte cell death. A widely accepted hypothesis 

is that cell death is caused by oxidative stress through the formation of reactive 

oxygen species (ROS) by the quinone moiety of anthracyclines as well as the 

induction of nitric oxide synthase (NOS), which leads to nitric oxide (NO) and 

sequential peroxynitrite formation (117). ROS damage DNA, RNA, proteins and 

lipids and also act as signaling molecules in pathways that regulate cell proliferation 

and cell death (118). Another mechanism of anthracycline cardiotoxicity seems to 

be the inhibition of topoisomerase 2β, an enzyme than unwinds DNA during 

replication (119). The inhibition of this enzyme causes DNA double strand breaks 

which lead to cell death (119).  

Taxanes are another commonly used group of chemotherapy agents often used 

in the adjuvant setting. The exact cardiac risks that are associated with taxanes are 

unknown, but there is some evidence that there is an increased risk of HF. A 3% 

risk of HF was found when docetaxel together with doxorubicin and 

cyclophosphamide was used compared with the 2% risk of a regimen of 

fluorouracil, doxorubicin and cyclophosphamide in the adjuvant setting (120). A 

20% reduction in left ventricular ejection fraction (LVEF) was seen in 17% of 

patients receiving the taxane regimen compared with 15% of patients receiving a 

non-taxane regimen (120). Another study with the same regimens found a 1.6% 

risk of HF among taxane-treated patients and a 0.7% risk among the non-taxane-

treated patients (121). 

Fluoropyrimidines such as 5-FU and capecitabine also cause cardiotoxicity. The 

most common cardiac event is myocardial ischemia caused by coronary vasospasm, 

which occurs in 1.2-18% of cases according to a review (122). Other cardiac side 

effects of 5-FU include coronary thrombosis, cardiomyopathy, and sudden cardiac 

death (122). Asymptomatic silent ischemia was found by exercise stress test in 6-

7% of patients receiving 5-FU (123). 

Vinorelbine, a vinca-alkaloid chemotherapeutic agent, is not very commonly 

used in adjuvant breast cancer treatment, but cardiotoxic events, such as 

repolarization disturbances, HF, coronary ischemia and myocardial infarction, have 

been reported. However, a meta-analysis did not find increased cardiotoxicity 

comparing vinorelbine to other agents, odds ratio (OR) 0.92 (95% CI 0.54-1.55) 

(124). Platinum-based compounds are also rarely used in adjuvant chemotherapy, 

but cisplatin is associated with an approximately 2% risk of myocardial and 
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cerebrovascular ischemia, according to a large retrospective analysis (125). After a 

20-year follow up of cisplatin treated testicular cancer patients, the CAD risk was 

approximately 8% (126,127). 

 

2.2.2 Cardiotoxicity of HER2-directed therapy 

The cardiotoxicity of HER2-directed therapy was an unexpected side-effect in the 

early trastuzumab trials. When trastuzumab was given concurrently with 

doxorubicin, HF resulted in 27% patients compared with 8% in those who 

received only chemotherapy (128,129). The risk is of HF is much lower when 

chemotherapy and trastuzumab were administered sequentially, but the risk may 

also be dependent on the duration of trastuzumab therapy (68,130–133). In a 

Cochrane meta-analysis for early breast cancer, HF was found in 2.5% of patients, 

and the RR for HF was as high as 5.11 (3). A decline in LVEF was seen in 5.6% of 

patients receiving trastuzumab (3). However, cardiac events are apparent early on 

during therapy, late-onset HF is rare (130,131), and LVEF recovery is seen in over 

80% of patients (132). Nevertheless, the duration of trastuzumab does matter. 

Although the 9-week course of trastuzumab did not prove to be noninferior to the 

1-year course, there were cardiac adverse events in 2% of the 9-week group and in 

4% of the 1 year group (64). 

Other HER2-directed agents, pertuzumab, T-DM1 and lapatinib, do not seem 

to further increase the incidence of cardiac events. The addition of pertuzumab to 

trastuzumab in metastatic breast cancer or in the adjuvant setting did not increase 

cardiac events (70,134). Furthermore, T-DM1 did not cause any HF and an 

asymptomatic LVEF decline was seen in up 2.5% of patients in the neoadjuvant 

setting (81,135). Furthermore, the incidence of asymptomatic and symptomatic 

cardiac events was low, 1% and 0.2%, respectively, in a pooled analysis of patients 

treated with lapatinib (136). 

The mechanism of cardiotoxicity of HER2-directed therapy differs from that of 

chemotherapy. HER2 signaling in the myocardium is critical in the stress response 

of the heart since it shapes the myofilament architecture, regulates glucose 

metabolism, and maintains the conduction systems and contractility (137). Since 

the changes caused by HER2 inhibition rarely lead to cell death, the cardiotoxicity 

of HER2-directed agents is usually reversible (138).  
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2.2.3 Endocrine therapy-induced cardiotoxicity 

Estrogen is thought to account for the difference in cardiovascular morbidity 

between men and women, as estrogen is considered to be cardioprotective 

(139,140). While the antiestrogen tamoxifen also exhibits some estrogenic 

properties that are considered responsible for its cardioprotective role (141,142), 

AIs reduced the already low estrogen levels of postmenopausal women even 

further (90). 

Several studies that compare AIs to tamoxifen have found an increased risk of 

overall cardiovascular events (92), hypercholesterolemia (92,143,144) and 

hypertension (143,145). A meta-analysis concluded that the risk of a cardiovascular 

event was 4.2% with AIs and 3.4% with tamoxifen (5). Another meta-analysis 

found a RR of 1.19 for cardiovascular events associated with AI compared to 

tamoxifen (141). However, it is uncertain whether this difference is due to the 

actual cardiotoxicity of AIs or the cardioprotective effect of tamoxifen.  

Two studies comparing AIs to placebo found no difference in cardiovascular 

disease (CVD) (146,147), while one found an increased risk of hypertension (148). 

One meta-analysis found that the use of tamoxifen was associated with a decrease 

in the risk of dying from myocardial infarction compared to placebo (RR 0.62, 95% 

CI 0.41-0.93). On the other hand, there was an increased risk of thromboembolic 

events, such as pulmonary emboli and stroke (RR 1.88, 95% CI 1.77-3.01; and RR 

1.49, 95% CI 1.16-1.90, respectively), that was associated with tamoxifen use (149). 

Another meta-analysis found a nonsignificant decrease in the risk of death from 

vascular disease in tamoxifen users compared to placebo users (150).  

The increased risk of the cardiotoxicity of AIs could be due to their tendency to 

induce weight gain, high blood pressure, and high cholesterol levels, which are all 

risk factors for CVD (139). On the other hand, the possible cardioprotective effect 

of tamoxifen is thought to stem from its ability to lower low-density lipoprotein 

(LDL) and total cholesterol, cytokine-mediated anti-inflammatory effects and 

antioxidant properties, protecting LDL cholesterol from harmful oxidation (141). 

2.2.4 Radiotherapy-induced cardiotoxicity 

Historically, in RT for Hodgkin lymphoma, the heart received very large radiation 

doses, approximately 20 Gy, which has been shown to result in a four- to six-fold 

increase in the risk of CAD and HF (151). Generally, in breast cancer RT, the 

doses are lower, on average under 5 Gy, even in studies with older RT techniques 
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(152). Nevertheless, a meta-analysis of 39 studies concluded that the RR for 

cardiovascular mortality was 1.38 (95% CI 1.18-1.62) and the RR for CAD was 

1.30 (95% CI 1.13-1.49) when patients who received breast cancer RT were 

compared to patients without RT (4). To account for study selection bias, the same 

meta-analysis compared patients with left-sided breast cancer, who generally 

receive a larger radiation dose to the heart, to patients with right-sided breast 

cancer. The risk of cardiovascular mortality and CAD was higher in patients with 

left-sided breast cancer (RR 1.22, 95% CI 1.08-1.37; and RR 1.29, 95% CI 1.13-

1.48, respectively) (4). This meta-analysis did not find an increased risk of HF, 

arrhythmias, pericardial or valvular diseases when left-sided and right-sided patients 

were compared. Another study investigated the cardiovascular risks in patients 

treated between 1979 and 1986 for early breast cancer with RT that included 

internal mammary nodes to study subjects from the general population. It did not 

find an increased risk of myocardial infarction; instead, there was an increased risk 

of HF and valvular dysfunction (HR 2.66, 95% CI 1.27-5.61, p=0.01; and HR 3.17, 

95% CI 1.90-5.29, p<0.001, respectively) (153). When left- and right-sided 

treatments were compared in a study with nearly 35 000 patients, increased 

incidence ratios were found for acute myocardial infarction (1.22, 95% CI 1.06-

1.42), angina (1.25, 95% CI 1.05-1.49), pericarditis (1.61, 95% CI 1.06-2.43), and 

valvular heart disease (1.54, 95% CI 1.11-2.13) (154). 

The risk of cardiovascular morbidity is associated with the cardiac dose. In a 

study of atomic bomb survivors with 50 years of follow-up, there was a 14% 

increase in the risk of CVD for every estimated Gy of radiation the heart received 

(155). A similar observation has been made among patients treated with RT for 

Hodgkin lymphoma and for breast cancer, with an increase in CAD of 7.4% and 

6.4-7.4%, respectively, for every Gy (156–158). 

More modern RT techniques have reduced the radiation dose to the heart. 

There is conflicting evidence on the cardiac risks of modern treatments. When 

patients treated between 1976 and 1990 were compared to those treated between 

1990 and 2006, there was no difference in the incidence ratio for all heart disease 

(1.09, 95% CI 1.00-1.19) (154). On the other hand, another large study cohort that 

included patients treated in the 1990s with a 15-year follow-up found no difference 

in cardiac mortality between right-sided and left-sided breast cancer patients (159). 

Two other studies with under 10 years of follow-up did not find an association 

between the laterality of breast cancer and cardiovascular mortality (160,161). 

However, it could be argued that the follow-up time may not be sufficient since 
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cardiovascular mortality starts to increase from the second decade of follow-up, 

while CAD risk starts to increase earlier, from the first decade (4).  

The cardiotoxic effects of RT, also called radiation-induced heart disease 

(RIHD), are mainly modeled as fibrotic processes (162). The process has been 

described as a wound where the signaling for cytokines and growth factors is 

continuous, unlike in normal wound healing where the signaling stops when the 

wound is healed (163).   

The key events in radiation-induced damage are described as follows. Within 

minutes of radiation, vasodilation occurs and increased vascular permeability is 

caused by cellular damage. Damaged endothelial cells secrete adhesion molecules 

and growth factors, which recruit inflammatory cells which in turn produce 

cytokines such as interleukins and tumor necrosis factor alpha (TNFα) (162). Then, 

profibrotic cytokines are released by platelets, macrophages, fibroblasts, 

monocytes, epithelial cells and endothelial cells (164). Profibrotic cytokines include 

transforming growth factor beta 1 (TGF-β1), platelet-derived growth factor 

(PDGF), basic fibroblast growth factor (bFGF), insulin-like growth factor (IGF), 

and connective tissue growth factor (CTGF) (164). Matrix metalloproteases 

(MMPs) are involved in the process by degrading the endothelial basement 

membrane, which allows the recruitment of proinflammatory cells to the site (162). 

Inflammation is thought to initiate fibrosis. Fibroblasts are derived from 

mesenchymal cells, from epithelial-mesenchymal transition and by recruitment 

from the bone marrow (162). TGF-β1 is the best characterized cytokine that is 

involved in the induction of fibroblast differentiation. The regulation of  TGF-β1 

involves interplay among TGF-β1, angiotensin II, endothelin-1, CTGF and PDGF 

(165). Angiotensin II, for example, upregulates TGF-β1 expression (165). 

In addition to the inflammatory pathway, oxidative stress is thought to play a 

role in RIHD (162). Oxidative stress is the result of free radical production, which 

increases inflammatory mediators, proteases and adhesion molecules. Additionally, 

NO, which normally blocks platelet aggregation and smooth muscle proliferation, 

is decreased (162). Nuclear factor kappa B (NK-κB), a regulator of DNA 

transcription and a protein involved in cellular stress responses, is thought to be 

the link between oxidative stress and inflammatory pathways. Other changes that 

occur in gene expression are the expression of hypoxia inducible factor α (HIF1-α), 

which is upregulated as a result of the hypoxia caused by the microvascular damage 

of RT (164). 
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2.3 Detection of cardiac changes by imaging and ECG 

The early strategy to detect cardiotoxicity of cancer therapies was myocardial 

biopsy (10). This invasive procedure became less popular when noninvasive 

methods to detect cardiotoxicity, such as LVEF decline, became available (10). 

However, modern strategies attempt to detect changes even earlier, preferably at a 

stage when the cardiac changes are still reversible (10).  

2.3.1 Echocardiography 

Echocardiography is the most important cardiac imaging modality in the follow-up 

of cancer patients and in the detection of cardiotoxicity. Echocardiography is in 

wide clinical use and provides information on the volumes of cardiac chambers, 

valve function, diastolic and systolic function along with pulmonary and filling 

pressures (7–11). Furthermore, the procedure is noninvasive and does not expose 

the patient to radiation.  

2.3.1.1 Left ventricular systolic function 

Echocardiography is the main modality to determine left ventricular (LV) systolic 

function, the most common measure of cardiotoxicity. LVEF reduction is 

predictive of increased mortality, and even with modern treatments, the all-cause 

mortality for symptomatic patients with HF and ejection fraction ≤40 is 7% at one 

year from admittance to a hospital due to acute HF (166). 

However, there are limitations to the determination of LVEF by 

echocardiography. Changes in the preload and afterload affect LVEF. In patients 

who receive chemotherapy, the blood volume is affected by the intravenous 

administration of fluids, vomiting and diarrhea, which amplify the variability of 

LVEF measurement. In addition, interobserver variability is ±7% and 

intraobserver variability is ±5% (167), translating into limited reliability in detecting 

minor changes. Therefore, two-dimensional (2D) echocardiography can reliably 

detect differences close to 10% in LVEF (10). 

Since the reduction in LVEF is a late change, the detection of subclinical 

changes in the LV function by other methods has been investigated (10,167). 

Speckle tracking echocardiography is a semiautomatic off-line analysis method that 

tracks different parts of the myocardium by its “speckle pattern” and calculates the 
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deformation of the myocardium in different directions, such as radial, 

circumferential and longitudinal direction (168). Global longitudinal strain (GLS) is 

in clinical use, and it reflects the overall myocardial deformation in the left 

ventricle’s longitudinal (apex to base) direction (167,168). 

GLS has prognostic value, as patients who had a GLS worse than −15% after 

myocardial infarction had a HR of 4.5 (CI 95% 2.1-9.7) for all-cause mortality 

(169). In a meta-analysis of studies where the underlying cardiac condition varied, 

mortality was independently associated with a worsening of GLS by its SD, with 

values varying from study to study (HR 0.50, 95% CI 0.36-0.69; p<0.002). The 

association was less strong and not statistically significant for LVEF (HR 0.81, 95% 

CI 0.72-0.92; p=0.572) (170).  

In several studies, a worsening of GLS in patients receiving anthracycline 

chemotherapy for breast cancer predicted a later decline in LV function (171–176). 

Similar findings have been reported in patients receiving anthracyclines ± 

trastuzumab; a worsening of GLS was associated with a later decline in LVEF 

(177,178) and an increase in HF symptoms a year later (179). Furthermore, a RT-

induced worsening of GLS seems to persist after adjuvant RT (180,181). However, 

it is still undetermined whether this leads to clinical cardiotoxicity. Additionally, a 

relative worsening of GLS by 10% was associated with a reduction in traditional 

diastolic parameters (182). An association between cardiac radiation dose and 

worsening of GLS has been shown (183). Strain imaging is recommended by 

several guidelines as a part of monitoring cancer patients for cardiotoxicity (8–11) 

and a relative worsening of GLS by >15% is considered likely to be abnormal and 

clinically meaningful, according to several guidelines (8,10,11). 
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Figure 2.  Global longitudinal strain (GLS) measures systolic function and is determined by 
measuring the deformation of the left ventricular myocardium, tracked by their unique echo 
pattern, from three different apical views (two-chamber, three-chamber and four-chamber 
views on the top from left to right). GLS is the global strain value derived from these three 
views. The three different views are presented in the echocardiographic picture above and 
the values for each part of the myocardium are displayed in the bulls-eye plot with apical 
segment values in the middle, midventricular segment in the middle and basal segment in 
the outer circle.  

2.3.1.2 Right ventricular function and left ventricular diastolic function 

In addition to LV systolic function, LV diastolic and right ventricular (RV) 

functions are recommended for evaluation in patients undergoing cardiotoxic 

cancer treatment. However,  it is unclear what the prognostic value is provided by 

these parameters in patients who are undergoing or have undergone cancer 

treatments (8,10). After anthracycline chemotherapy, a decline in RV functional as 

well as LV diastolic parameters has been reported (184–187). In a study in which 
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breast cancer patients received anthracycline-based chemotherapy, a decline in RV 

function was seen in addition to a decline in LVEF: the RV fractional area change 

(FAC) decreased from 48.3% (95% CI 44.8-51.74) to 42.1% (95% CI: 38.5-45.6%), 

p=0.01, and the RV longitudinal strain of the free wall worsened from −16.2% 

(95% CI −18.1 to −14.4%) to −13.81% (95% CI −15.1 to −12.5%), p=0.04 (186). 

A similar finding resulted in 30 patients with LVD as a result of trastuzumab ± 

anthracycline, the RV FAC was significantly lower than that in healthy controls, 42 

± 7% and 47 ± 6% (p=0.01), respectively. Furthermore, in the same study, the RV 

GLS was considered abnormal in 40% of patients who developed LVD (185). 

Another study found a worsening of RV FAC and tricuspid annular plane systolic 

excursion (TAPSE) that was associated with an increase in N-terminal B-type 

natriuretic peptide (NT-proBNP). Furthermore, the mean tricuspid annular systolic 

velocity decreased, and the tricuspid annular mean E’/A’ ratio, a parameter of RV 

diastolic function, decreased (184). Additionally, a worsening in RV systolic 

function parameters, RV FAC, TAPSE and peak systolic velocity (S’) was seen in 

another study after anthracycline chemotherapy. Furthermore, the diastolic 

parameters, peak early diastolic velocity (E), E/A ratio, E’ and E’/A’ ratio, were 

also affected (187). 

Even less is known about the effects of breast RT on RV or diastolic function. 

A higher incidence of LV diastolic dysfunction and an association with radiation 

doses was found in patients who received left-sided breast RT ± trastuzumab than 

in those who did not receive RT. Diastolic dysfunction was determined with 

measurements of the ratio of the maximum early diastolic mitral flow velocity and 

early diastolic mitral annular velocity (E/Em) and ratio of maximum early diastolic 

mitral flow velocity and maximum late diastolic mitral flow velocity (E/A) (188). 

Our group found that RV and diastolic function are affected by adjuvant breast 

RT. In the echocardiography performed immediately after finishing the RT course, 

TAPSE decreased and this decrease was more prominent among AI users. 

Furthermore, diastolic function determined by early transmitral flow velocity 

(mitral E) was decreased in AI users (189,190). At the three-year follow-up of our 

patients, two diastolic parameters worsened: the isovolumetric relaxation time was 

prolonged and the first peak of diastole was decreased, and AI use was associated 

with worsening systolic function, namely a worsening of GLS (181).  



 

46 

2.3.1.3 LV measurements 

LV diameter, wall thicknesses and volume are basic echocardiographic 

measurements with prognostic value (167). However, they are not usually the focus 

of studies examining the cardiac effects of anticancer therapies. A study with a 

cohort of 2285 patients who received anthracyclines studied the association of the 

baseline left ventricle end-diastolic diameter (LVEDD), the baseline left ventricle 

end-systolic diameter (LVESD) and major cardiac adverse events (MACEs), 

defined as New York Heart Association class III or IV congestive HF, cardiac 

arrest or cardiac death. LVEDD and LVESD were greater in patients who 

developed MACE, 46±6 mm and 30±5 mm, respectively, than in patients who did 

not develop MACE, 44±1 mm and 28±4 mm, respectively. Furthermore LVEDD, 

in addition to LVEF, was an independent predictor of MACE when adjusted for 

age, sex, previous cardiomyopathy, CAD, hypertension, and diabetes, p=0.006 and 

p=0.002, respectively (191). In another study with 42 breast cancer patients who 

received trastuzumab, the LV diastolic and systolic volume indices increased, 

p<0.001 for both. Additionally an increase in LVEDD and LVESD was seen, 

p<0.01 and p<0.001, respectively (192).  

2.3.1.4 Echocardiographic tissue characterization  

Integrated backscatter (IBS) analysis provides information about the characteristics 

of the myocardium by analyzing the ultrasound signal that is scattered back to the 

probe from the myocardial tissue. The calibrated integrated backscatter (cIBS) is 

measured at a single time-point, whereas the cyclic variation of the integrated 

backscatter (CVIBS) represents the variability of the signal intensity (193). The 

cIBS is considered to represent properties of the myocardium, such as fibrosis, in 

conditions including hypertensive heart disease and hypertrophic cardiomyopathy 

(194). CVIBS, on the other hand, reflects the intrinsic contractility of myocardial 

tissue and is associated with markers of myocardial dysfunction measured by strain 

in speckle tracking analysis (195). 

Only a few earlier studies have evaluated IBS in cancer patients receiving 

chemotherapy, and none have evaluated IBS in breast cancer patients. In patients 

receiving 5-FU treatment for various cancers, cIBS and CVIBS both changed 48 h 

after chemotherapy, but returned to pretreatment levels by 15 days after (196,197). 

In children receiving anthracyclines, CVIBS decreased and the change persisted at 

a median follow-up of three years (198). Anthracycline chemotherapy of 300 
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mg/m2 for lymphoma also induced a decrease in CVIBS from 5.3±0.8 to 3.9±0.7 

dB (199). To our knowledge, the first study that evaluated IBS after adjuvant RT 

for breast cancer was published by our group. Immediately after RT, cIBS showed 

increased echodensity especially in the areas of the heart that received a higher 

radiation dose (200). Additionally, septal and posterior wall CVIBS were 

significantly reduced and the reduction was associated with a higher radiation dose 

to the heart. The septal CVIBS decrease was independently associated with AI use 

(201). 

However, the clinical significance of these findings is still unclear. Also, the use 

of IBS has been limited to research, mainly due to this imaging technique being 

demanding and prone to artifacts (193). 

2.3.2 Cardiac magnetic resonance imaging 

Cardiac MRI is useful in evaluating cardiac structure and function and is even 

considered the gold standard of cardiac imaging (10,11). Measurements of LVEF 

and cardiac volumes are accurate and reproducible (202). The variability between 

two MRIs was less than the variability between two echocardiographs (203). 

However, the availability of MRI is often not optimal and not all patients are 

candidates for MRI scanning due to contraindications.  

In two different studies, LVEF measured by MRI decreased from 63% to 59% 

(p=0.005) in breast cancer patients receiving trastuzumab ± anthracyclines, and 

from 68% to 63% (p<0.001) in patients receiving RT ± anthracyclines, but this 

worsening resolved 24 months and 18 months later, respectively (204,205). Long-

term LVEF decrease in patients receiving anthracycline based chemotherapy for 

breast cancer, leukemia or lymphoma has been shown in several studies after 

follow-ups of 6 months to 18 years (206–209).  

Evidence of fibrosis in cardiac tissue detected by MRI is contradictory. One 

study found only minimal diffuse fibrosis and no replacement fibrosis after 5 years 

(209), but another found that the age-adjusted extracellular volume, a marker of 

fibrosis, was elevated after 3 years from anthracycline-based chemotherapy for 

breast cancer or hematological malignancy (210). Other subclinical changes 

measured by cardiac MRI reported after anthracycline chemotherapy include 

increases in LV end systolic volume, from 48 ± 3 ml to 54 ± 3 ml (p = 0.02), LV 

strain, from −17.7 ± 0.4 to −15.1 ± 0.4 (p = 0.0003) and pulse wave velocity, from 

6.7 ± 0.5 m/s to 10.1 ± 1 m/s (p = 0.0006) (208). 
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2.3.3 Nuclear imaging 

Nuclear imaging, such as multiple gated acquisition scan (MUGA), single-photon 

emission computed tomography (SPECT) and positron emission tomography 

(PET), are also used as cardiac imaging. MUGA is used to measure LVEF, but its 

use is limited by radiation exposure, and it does not provide much information 

about RV function, atrial size or the presence of valvular or pericardial diseases; 

therefore, it is not the preferred imaging modality (10).  

SPECT can be used to detect cardiac perfusion defects. A meta-analysis 

concluded that RT for left-sided breast cancer has a higher risk for perfusion 

defects than RT for right-sided breast cancer (OR 3.10, 95% CI 1.35-7.08, 

p=0.007) (211). The role of breast cancer chemotherapy in the induction of 

perfusion defects is not known. In a small study, only one of 36 patients developed 

a perfusion defect detectable by SPECT (212). 

PET imaging uses radioactive tracers to image metabolically active cells. In 

oncology, a widely used tracer is 18F-fluorodeoxyglucose (18F-FDG), which can 

also be used to assess myocardial viability (213). Furthermore, a multitude of 

tracers exist to detect hypoxia, inflammation or abnormalities in myocardial 

metabolism and perfusion  (214). Hypoxic cells can be detected by 18F-

fluoromisonidazole and copper(II)-diacetyl-bis(N(4)-methylthiosemicarbazone) 

(64Cu-ATSM) (214). Cardiomyocyte metabolism and inflammation can be assessed 

using tracers such as 11C-acetate of 11C-palmitate, in addition to 18F-FDG 

(213,214). For the detection of defects in myocardial perfusion, 82Rubidium 

chloride, 15O-water and 13N-ammonia have been validated and 18F-flurpiridaz is an 

emerging tracer (213,214). To increase spatial resolution and soft tissue contrast, 

PET images are fused with computed tomography (CT) or MRI (215). 

In a study with 15 patients who received adjuvant RT for breast cancer, a 

decrease in myocardial blood flow was seen in 53% of patients using 15O-water 

PET-CT. Myocardial blood flow increased in 33% of patients. The decreases were 

seen in areas supplied by LAD, a region that usually receives a rather large dose in 

breast cancer adjuvant RT (216).  

2.3.4 ECG 

Electrocardiography (ECG) is recommended by guidelines before and during 

treatment to detect cardiotoxicity-associated changes such as tachycardia, ST-T 
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wave changes, conduction disturbances, prolonged QT interval or arrhythmias 

(7,8). 

Studies of adjuvant chemotherapy for breast cancer have reported QTc 

prolongation in ECG after anthracycline and taxane-based chemotherapy as well as 

a combination of epirubicin, cyclophosphamide and 5-FU (217,218). Lapatinib use 

has also been associated with QT prolongation (219).  

In a study of Finnish breast cancer survivors who had received adjuvant RT 

and/or endocrine therapy, 13% of patients had changes in the T-wave or ST-

segment. In multivariable analysis, RT was not associated with these changes, 

tamoxifen was associated with reversible changes, and neither was associated with 

irreversible changes (220). Older studies have reported a higher incidence of ECG 

changes of up to 35-45% (221,222). 

Our group reported T-wave changes after adjuvant RT. The T-wave decline was 

associated with the mean heart dose and the global systolic strain rate change. T-

wave inversion was associated with GLS change and posterior cIBS, in addition to 

the mean heart dose (223).  

 

2.4 Cardiac biomarkers 

2.4.1 Cardiac troponins 

Cardiac troponins are widely used in cardiology to detect cardiomyocyte damage 

caused by myocardial infarction (224). Troponin is a part of the contractile 

apparatus of cardiac and skeletal myocytes and consists of three subunits: troponin 

T (TnT), troponin C and troponin I (TnI). TnT and TnI are specific to cardiac 

myocytes and are released when myocytes are damaged, but are also elevated due 

to noncardiac conditions such as sepsis or chronic kidney disease (225). 

Both TnI and TnT have been studied as markers of cardiotoxicity after 

chemotherapy. A high incidence of cardiac events (87%) was observed after high-

dose chemotherapy in patients with an increase in TnI, as opposed to the 1% 

incidence in patients without an increase in TnI (226). In breast cancer patients, 

TnI increase also predicted a subsequent decrease in LVEF after high-dose 

chemotherapy (227,228). After less intense doses of anthracyclines, taxanes and 

trastuzumab as adjuvant chemotherapy for breast cancer, an elevated ultrasensitive 
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TnI predicted a later decline in LVEF (174,229). TnT has also been shown to 

increase after adjuvant chemotherapy for breast cancer (217,230,231), but only one 

study found an association with a later decrease in LVEF (230). Another study 

found no increase in TnT and no association between TnT and LVEF, despite LV 

systolic dysfunction developing in 25% of patients after treatments with 

doxorubicin and trastuzumab (232).  

Troponins have been less extensively studied after adjuvant RT for breast 

cancer and there has been variation in the study designs in whether previous 

chemotherapy was allowed. Three studies, including one from our group, reported 

a slight increase in TnI or TnT after thoracic RT for breast cancer or lung cancer 

(233–235), while others did not (236–238). Associations between cardiac dose, 

early echocardiographic changes and high-sensitivity TnT were reported in only 

our group’s study (233). 

Existing guidelines for the cardiotoxicity of cancer treatments suggest 

considering measuring troponins at baseline, at the time of administration of 

cardiotoxic agents and during follow-up (Table 1 on page 57) to aid in detecting 

early cardiotoxicity, but its exact clinical role is yet to be defined (7–9). 

2.4.2 B-type natriuretic peptide 

Another clinically used biomarker recommended for consideration by the 

guidelines for the cardiotoxicity of cancer treatments is the B-type natriuretic 

peptide (BNP) or the simultaneously secreted NT-proBNP  (7–9,11). The greatest 

concentrations of BNP are found in the cardiac ventricles and BNP is transcribed 

when cardiac stress such as volume overload occurs (239). 

BNP can be used to screen patients with cardiovascular risk factors and guide 

treatment. Over 1000 noncancer patients with cardiovascular risk factors were 

screened with BNP and underwent echocardiography when an increased level was 

detected, and cardiovascular medication was adjusted according to results. LVD 

was significantly less common in the BNP-screened patients than in the control 

group with ordinary care, 5.3% and 8.7% respectively (240).  

A few studies have found that elevated BNP or NT-proBNP after anthracycline 

chemotherapy predicted the development of LVD (241–244), and an increase in 

NT-proBNP predicted an increased one-year mortality (244). On the other hand, 

one study found an increase in BNP but no association with cardiac function (231), 

and another found no chemotherapy-induced change in BNP (232).  
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RT also affects BNP levels. BNP levels increased during adjuvant RT for breast 

cancer (234) and during a 6-month follow-up after RT (245). Additionally, patients 

who underwent RT for breast cancer had higher NT-proBNP levels compared 

with unirradiated controls (237). The elevated BNP and NT-proBNP levels were 

associated with higher radiation doses to the heart (237,245), but none of the 

studies reported an association with impaired LVEF. 

2.4.3 Homoarginine 

Homoarginine (HA) is an amino acid that acts as a substrate for NOS, therefore 

functioning as a precursor to the signaling molecule NO (246). Low levels of the 

cardiac biomarker HA have been associated with an increased risk of 

cardiovascular events, and increased cardiac and all-cause mortality in population 

based studies (247,248) as well as in patients presenting with acute chest pain (249), 

patients referred to angiography (250,251) and patients with HF (252). When the 

lowest quartile of HA was compared with the upper three, a HR of 2.26 (95% CI 

1.52-3.32) for overall mortality and a HR of 4.2 (95% CI 2.03-8.69) for 

cardiovascular mortality were found (248). 

An association of low HA with impaired cardiac function has also been 

documented. A correlation between a low HA and low LVEF was observed in 

several studies (250,253,254). Additionally, in a population-based study, a low HA 

was associated with impairment in several echocardiographic parameters in 

addition to LVEF. An SD decrease in HA correlated with an increase in the 

myocardial thickness of the left ventricle, namely, LV diastolic diameter and LV 

systolic diameter, and fractional shortening, a measure of LV systolic function 

(254). Although, a study with an older general population found that HA and 

cancer-specific mortality were not significantly associated (248), there have been no 

previous studies reporting the effect of cancer treatments on HA.  

2.4.4 Asymmetric dimethylarginine 

Asymmetric dimethylarginine (ADMA) is a derivative of arginine, an amino acid, 

that inhibits the production of NO by inhibiting NOS (255). A meta-analysis of 22 

studies concluded that patients with ADMA levels in the bottom third had a 

combined RR of 1.42 for CVD (256). The risk was apparent for both the general 
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population and patients with a pre-existing cardiac condition. No studies on the 

association of ADMA and cancer treatments exist.  

2.4.5 Transforming growth factor beta 1 

TGF-β1 is the best characterized cytokine that is involved in the process 

responsible for the fibrotic effects of RT, including cardiovascular morbidity (164). 

It is produced by several different types of cells, including inflammatory, 

endothelial and epithelial cells (164). TGF-β1 is also released following myocardial 

injury, which seems to lead to the cardiac fibrosis that is present in a plethora of 

myocardial diseases (257). Various noncardiac fibrotic diseases, such as hepatic 

fibrosis, idiopathic pulmonary fibrosis, myelofibrosis and systemic sclerosis, also 

present with elevated levels of TGF-β1 (258). In addition, variation in the 

circulating levels of TGF-β1 is caused by genetic mutations (259). These mutations 

may be, at least partially, responsible for the variation in susceptibility to radiation 

injury, such as breast fibrosis or increased cardiovascular morbidity (260,261). The 

TGF-β1 29C > T polymorphism, which is associated with lower circulating TGF-

β1 levels, was associated with a higher risk of CVD in 10-year breast cancer 

survivors (261). On the other hand, a prospective study with 287 patients found 

that the TGF-β1 C−509T polymorphism, which is associated with elevated 

circulating TGF-β1 levels, was associated with RT-induced breast fibrosis (260). 

Another large study could not confirm the association of TGF-β1 regulating single 

nucleotide polymorphisms (SNPs) with radiation fibrosis of the breast (262), which 

was suggested by earlier smaller studies (263–267). 

Only two studies have reported the effect of adjuvant breast cancer RT on 

circulating levels of TGF-β1. Both studies found that patients who developed 

fibrosis of the breast as sequelae of external beam RT had higher baseline levels of 

TGF-β1 than those who did not develop fibrosis (268,269). However, the behavior 

of TGF-β1 after breast cancer RT has not been reported. A study with TGF-β1 

levels measured from wound fluid for 24 h after surgery found that intraoperative 

RT (IORT) had no effect on TGF-β1 levels (270). 

The relationship between TGF-β1 and RT toxicity has been most extensively 

studied in relation to radiation pneumonitis caused by lung cancer RT. However, 

this is not an analogous situation to breast cancer as most lung cancer patients have 

intact tumors that could also produce TGF-β1. A meta-analysis concluded that the 

risk of radiation pneumonitis was increased in lung cancer patients who received 
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RT and had a post-RT/pre-RT TGF-β1 ratio of ≥1 (271). Furthermore, some 

studies found a decrease in TGF-β1 in patients who do not develop radiation 

pneumonitis (272–274).  

2.4.6 Platelet-derived growth factor 

PDGF is another cytokine involved in mediating the fibrotic effects of RT (275). It 

is assembled as a homo- or heterodimer made up of either A-, B-, C- or D-

polypeptide chains (275). Evidence of the involvement of PDGF in radiation 

fibrosis is mainly from animal studies. One study found that in rats, PDGF 

expression is increased as a result of RT (276). The same study also found that the 

inhibition of PDGF attenuated radiation pneumonitis. Two studies evaluated the 

effect of thoracic RT for Hodgkin lymphoma and RT for various sites of non-

Hodgkin lymphoma on PDGF levels (277,278). PDGF remained unchanged by 

RT in previously chemotherapy-treated Hodgkin lymphoma patients (277). After 

RT for non-Hodgkin lymphoma, PDGF levels decreased, which was interpreted to 

predict response to treatment and recurrence (278). No studies on circulating 

PDGF levels and RT toxicity exist.  

2.4.7 ST2 

ST2 is a soluble receptor of interleukin-33 (IL-33). The binding of IL-33 to ST2 

prevents the interaction of IL-33 with its membrane-bound receptor ST2L, which 

is believed to have a cardioprotective effect (279). In an HF guideline, the 

determination of ST2 levels is suggested as additional risk stratification of HF 

patients (280). Elevated levels of ST2 are associated with increased mortality in HF 

patients (281,282). A cut off of 35 ng/ml is considered a threshold above which 

the risk of adverse outcomes in HF patients increases (283). 

However, the population receiving adjuvant therapy for breast cancer is perhaps 

more similar to subjects in population-based studies than patients with an 

underlying heart condition. Most population-based studies found an association 

between elevated ST2 levels and mortality (284–286) and HF (284,286). On the 

other hand, a study in a Finnish population found that measuring ST2 levels was 

not useful in predicting cardiac events, HF or mortality, when traditional risk 

factors such as cholesterol, hypertension, smoking and diabetes were taken into 

account (287). 
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The effect of breast cancer chemotherapy with or without RT on ST2 levels has 

been studied in a few studies (229,288–290), but no studies on the effect of RT 

without chemotherapy were found. Two of the studies found that the ST2 levels 

increased in breast cancer patients who received anthracycline chemotherapy or 

trastuzumab (288,289), and this increase was associated with an impairment in 

echocardiography six months after treatment (289). More than half of the patients 

in the study with doxorubicin- or trastuzumab-treated patients had received RT, 

but it did not affect the ST2 levels (289). Two other studies did not observe 

elevated ST2 levels as a result of chemotherapy (229,290). Although considerable 

radiation doses in RT for breast cancer are limited to the breast, the small and 

nearly daily dose to the whole body that occurred in occupational exposure to 

radiation at a nuclear plant was associated with increased ST2 levels (291). 

2.5 Prevention of cardiotoxicity 

The cardiotoxicity of cancer treatments is affected by underlying risk factors such 

as age, smoking and existing cardiovascular conditions. Therefore, it is important 

to identify these risks and take them into account when planning anticancer 

treatments and possibly avoid cardiotoxic agents (8,9).  

Cardiovascular drugs have been assessed as a prevention measure for 

chemotherapy-induced cardiotoxicity in patients without predisposing risk factors. 

A meta-analysis of 14 studies evaluated the effect of angiotensin antagonists, beta-

blockers, statins and dexrazoxane on the prevention of HF or a drop in LVEF 

among patients receiving anthracyclines and/or trastuzumab. When the control 

arm was compared to angiotensin antagonists, the RR for cardiotoxicity was 0.11 

(95% CI 0.04-0.29), p<0.001. Cardiac events were also reduced by beta-blockers, 

statins and dexrazoxane, with a RR of 0.31 (95% CI 0.16-0.63, p=0.001), a RR of 

0.31 (95% CI 0.13-0.77, p=0.01) and a RR of 0.35 (95% CI 0.27-0.45, p < 0.001), 

respectively (292). However, many of the studies included in this meta-analysis 

were small, unrandomized and did not provide thorough information about 

baseline characteristics. Furthermore, the follow-up time was short in some of the 

studies. Therefore, more studies are needed before adopting this kind of 

prevention strategy into clinical use.  

Even without underlying risk factors, cardiotoxicity occurs, and an increase in 

troponins may be a sign of cardiotoxicity. The ability of TnI to detect patients who 

benefit from intervention was tested in a study by randomizing patients who had 
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an increase in TnI during high-dose chemotherapy to receive enalapril or placebo. 

None of the patients receiving enalapril had a LVEF decline below normal limits 

and 43% of patients receiving placebo did (293). 

Sometimes, to optimize patients’ chances for cure, cardiotoxic treatments must 

be used despite underlying cardiovascular risk factors. These patients should be 

assessed by a cardio-oncology specialist, and the use of cardioprotective drugs such 

as angiotensin converting enzyme (ACE) inhibitors, aldosterone antagonists, beta-

blockers and dexrazoxane prophylactically may be considered (8).  

For the prevention of radiation-induced cardiotoxicity, a reduction in cardiac 

dose is essential. 3D CT-based RT planning has enabled the heart to be avoided as 

much as possible and the individual cardiac dose to be estimated (103). To further 

reduce the cardiac radiation dose, breath hold techniques such as deep inspiration 

breath hold (DIBH) are utilized. In a systematic review of ten studies, the absolute 

reduction in the mean heart dose was 1-3.4 Gy. It was calculated that a 3.4 Gy 

reduction in the mean heart dose by this reproducible method indicated a 14% 

decrease in the risk of heart disease (294). Furthermore, if treatment for detected 

cardiotoxicity is started early, the likelihood of complete LVEF recovery is high (7). 

In a study with anthracycline chemotherapy, if LVEF decreased by ≥10% and was 

<50%, HF therapy with enalapril and carvedilol was promptly initiated. In 42% of 

the patients LVEF recovery was complete and in 11% it was partial; however, if 6 

months had passed from chemotherapy, none recovered (295). In another study, 

the recovery of LVEF was full in 11% and partial in 71% of patients (296). 

Therefore, follow-up is warranted to enable early intervention to better the chances 

of a full recovery. 

2.6 Cardiac follow-up of cancer patients 

There are no randomized studies to base follow-up recommendations upon, but in 

order to identify cardiotoxicity when it is still potentially reversible, several 

guidelines suggest that some kind of follow-up should take place after cardiotoxic 

therapies (7–12). The follow-up schemes, displayed in Table 1, suggest that follow-

up should take place at certain intervals or that an evaluation after a certain dose of 

anthracyclines should be recommended. The primary modalities suggested include 

echocardiographic examination complemented by troponin measurements (7–11).  

Regardless of how follow-up is to take place, breast cancer patients need to be 

advised on the increased cardiac risk related to adjuvant chemotherapy, RT and 
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endocrine therapy. Cardiotoxic therapy is considered an additional risk factor for 

cardiac morbidity, in addition to hypercholesterolemia, hypertension, smoking and 

diabetes. Healthy lifestyle, including smoking cessation, regular exercise, weight 

management and a healthy diet, should be promoted for breast cancer patients, 

similar to the general population, to control these modifiable risk factors (8,9,11). 
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Table 1.  Cardiac follow-up suggested by several guidelines interpreted for patients receiving 
adjuvant breast cancer treatments 

Reference Therapy Follow-up recommendation Biomarker  
recommendation 

Treatment recommendations 

Curigliano 
2012 (7) 

Anthracyclines Echocardiography at baseline 
 
If TnI -, echocardiography annually. 
If TnI +, enalapril for 1 year and echo at end 
of chemotherapy and at 3,6,9,12 mo, then 
every 6 mo for 5 year 
If TnI not evaluated, echo at end of 
chemotherapy and at 3,6,9, 12 mo, then 
annually 

TnI before and 
immediately after 
each cycle 

TnI elevation without LVD, enalapril for 1 
year 
 
LVD: ACE + beta-blocker, standard HF 
therapy 

Trastuzumab LVEF (preferably by echocardiography) 
evaluation at baseline and during therapy (no 
recommendation on interval) 

 Symptomatic and LVEF<40% ACE and 
beta-blocker. Asymptomatic LVEF<50%, 
consider ACE or <40% ACE ± beta-blocker 
Hold treatment if LVEF<40% or 40-50% and 
10% below baseline 

RT Heart dose >30 Gy: close follow-up. 
Breast cancer RT: consider RT an additional 
risk factor 

 Treatment depending on condition and 
similar to a non-radiation related condition 

Zamorano 
2017 (8) 

Anthracyclines Baseline assessment of risk factors and 
cardiac imaging (preferably 
echocardiography, secondarily nuclear 
imaging or MRI) 

Consider BNP or 
troponins  at 
baseline, at each 
cycle and at follow-
up  

Asymptomatic LVD or symptomatic HF: 
ACE or ARBs and beta-blockers, according 
to HF guidelines. 
Promote healthy diet, smoking cessation, 
regular exercise, weight control  

Trastuzumab Baseline assessment of LVEF and during 
treatment, usually every 3 mo 

Troponin at every 
cycle if high risk 

Discontinuation of treatment 
 
Lifestyle factors for prevention 

RT Screening 10-15 years after treatment  Lifestyle factors for prevention 

Armenian 
2017 (9) 

Anthracyclines Evaluate cardiovascular risk factors. 
Echocardiography at 6 and 12 mo after 
therapy or at symptom presentation 

Troponins or BNPs 
at symptoms 

Evaluation and managing of cardiovascular 
risk factors 

RT Evaluate cardiovascular risk factors 
Consider echocardiography at 6 and 12 mo 
after therapy if chemo+RT 

  

Plana 
2014 (10) 

Anthracyclines Medical history, physical examination and 
ECG at baseline and ideally 
echocardiography for at least high-risk at 
baseline, end of therapy and at 6 mo 
 

Troponin at 
baseline, before 
and/or 24 h after 
each cycle, at end 
of therapy and at 6 
months. 
Consider BNP 

LVEF<53% or troponins positive:cardiology 
consultaions   
 
No recommendation can be made on 
pharmacological intervention of  patients 
with subclinical LVD 

Trastuzumab Echocardiography during treatment every 3 
mo 

Troponin as above  

Lancellotti 
2013 (12) 

RT Baseline echocardiography. 
Yearly history and physical examination with 
symptoms prompting imaging. 
Echocardiography at 5 years for high-risk ( 
left-sided breast), 10 year for others 
Consider exercise stress test at 5-10 years 
for high-risk 

  

Virani 
2016 (11) 

Anthracyclines Evaluation of cardiovascular risk factors at 
baseline and LV function (preferably by 
echocardiography), during and after 

Serial use of 
troponins or BNPs 

ACE, ARBs, beta-blocker and/or statins can 
be considered for patient at high risk. 

 Trastuzumab LV function at baseline and every 3 mo   

Tni, troponin I; mo, months; LVD, left ventricular dysfunction; ACE, angiotensin converting enzyme inhibitor; HF, heart failure; LVEF, left 
ventricular ejection fraction; RT, radiotherapy; MRI, magnetic resonance imaging; BNP, natriuretic peptide; ARB, angiotensin II receptor blocker; 
h, hour; LV, left ventricle.  

 



 

58 

3 AIMS OF THE STUDY 

The main aim of the study was to detect breast cancer adjuvant-therapy induced 

cardiac changes. This study was conducted to determine whether biomarkers are 

associated with and predictive of treatment-induced echocardiographic changes 

during treatments and after three years of follow-up. The specific aims were as 

follows: 

1. To evaluate changes in homoarginine levels and echocardiographic 

parameters during adjuvant chemotherapy and immediately after RT.  

2. To evaluate the behavior of TGF-β1 and PDGF levels during adjuvant RT 

and the three-year follow-up and find associations with changes in 

echocardiographic parameters. 

3. To investigate whether baseline TGF-β1 and PDGF levels can be used to 

predict the echocardiographic changes that occur during RT and the three-

year follow-up 

4. To assess the behavior of ST2 levels and find associations with LV systolic 

function during adjuvant RT and during the three-year follow-up. 
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4 PATIENTS AND METHODS 

4.1 Patients 

This prospective, observational trial included 127 patients with early breast cancer 

or DCIS. Eleven patients later withdrew their consent. All patients were recruited 

between July 2011 and November 2013 from Tampere University Hospital, where 

they received adjuvant RT ± chemotherapy and/or endocrine therapy after breast 

conserving surgery (n=104) or mastectomy (n=12). Figure 3 shows the patients 

according to the different treatment modalities they received postoperatively. The 

Tampere University Hospital Ethics Committee approved the study protocol (ETL 

R10160) and written informed consent was provided by all patients. 

The exclusion criteria for the study were age <18 years, age >80 years, other 

malignancies, pregnancy or breast feeding, severe lung disease, permanent 

anticoagulation therapy, severe psychiatric disorder, dialysis, symptomatic HF, 

atrial fibrillation, pacemaker, left bundle branch block or AMI within 6 months. 

This thesis included only patients who had available serum samples for analysis for 

all time points concerned (n varied from 63 to 81, Figure 3).  
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Figure 3.  Patient flowchart according to the reception of chemotherapy and the availability of 
samples for analysis of different biomarkers. The endocrine therapy the patients received 
in each group is also depicted. DCIS, ductal carcinoma in situ; RT, radiotherapy; tam, 
tamoxifen; AI, aromatase inhibitor; HA, homoarginine; TGF-β1, transforming growth factor 
beta 1. 

127 breast 

cancer/DCIS 

patients 

11 withdrew 

consent 

30 chemotherapy + RT 

+ endocrine therapy 

86 RT ± endocrine 

therapy 

19 with available serum 

samples before 

chemotherapy, before 

RT and after RT 

6 tam 

13 AI 

81 with available serum 

samples for HA analysis 

before and after RT 

73 available samples for 

TGF-β1 analysis before 

and after RT 

63 available samples for 

TGF-β1 before RT, after 

RT and at 3-year follow-

up 

30 AI 

21 AI 

6 tam 

41 none 

26 AI 

6 tam 

45 none 

6 tam 

36 none 
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4.2 Chemotherapy and endocrine therapy 

Several regimens of chemotherapy were used. The most common was three 

courses of docetaxel (80 mg/m²), followed by three courses of CEF (600 mg/m² 

of 5-FU, 75 mg/m² of epirubicin and 600 mg/m² of cyclophosphamide). Other 

regimens used were six courses of CEF, four courses of TC (75 mg/m² of 

docetaxel and 600 mg/m² of cyclophosphamide) or three courses of TX (60 

mg/m² of docetaxel and 900 mg/m² of capecitabine twice daily on days 1-15) 

followed by three courses of CEX (600 mg/m² cyclophosphamide, 75 mg/m² 

epirubicin and 900 mg/m² of capecitabine twice daily on days 1-15. The 

chemotherapy agents, except capecitabine, were administered intravenously on day 

one of the 21-day treatment cycle. One patient also received trastuzumab (8 mg/kg 

loading dose and 6 mg/kg thereafter every third week) together with docetaxel. 

Endocrine therapy was begun at the beginning of RT (Figure 3).  

4.3 Radiotherapy 

The RT course was either conventionally fractionated (50 Gy in 2 Gy fractions 

over five weeks) or hypofractionated (42.56 Gy in 2.66 Gy fractions over 3.5 

weeks). If a boost was needed, it was given sequentially 10-16 Gy in 2 Gy fractions. 

All 19 patients who received chemotherapy and had available serum samples were 

treated with conventional fractionation, 8 had right-sided breast cancer and 11 had 

left-sided breast cancer. The chemo-naïve patients with available serum samples 

included 29 patients treated with hypofractionation and 52 patients treated with 

conventional fractionation. Furthermore, of the chemo-naïve population, 23 had 

right-sided breast cancer and 58 had left-sided breast cancer 

All patients underwent 3D CT-based planning in a supine position with their 

arms above the head (Philips Big Bore CT, Philips Medical Systems, Madison, WI, 

USA; or Toshiba Aquilion LB, Toshiba Medical System, Tokyo, Japan). Free 

breathing imaging and treatment were used for 107 patients. The nine patients 

imaged after April 2013 were imaged and treated with voluntary DIBH with 

monitoring using the Varian RPM system (Varian Medical Systems, Palo Alto, CA, 

USA).  

A physician delineated the remaining breast tissue or thoracic wall and regional 

lymph node regions from the CT imaging and a 5-8 mm margin was utilized in the 

formation of PTV. To acquire the dose volume histograms, the lung, heart, RV, 
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LV and LAD were contoured from the CT image (by Tanja Skyttä). Tangential 

photon fields were used to treat the breast after breast-conserving surgery (Figure 

1). After mastectomy either photon fields or electron fields were used to treat the 

chest wall. In all cases, the lymph node areas were treated with photon fields. In 

presenting the radiation dose for the different organs, a 2 Gy equivalent dose 

(EQD2) was used. An α/β ratio of 3 was used to convert the hypofractionated 

schedule doses to 2 Gy equivalent doses. The following equation was used: 

𝐸𝑄𝐷2 = 𝑡𝑜𝑡𝑎𝑙 𝑑𝑜𝑠𝑒 (𝐺𝑦) ×
2.66 +  

𝛼
𝛽

2 + 
𝛼
𝛽

 

 

4.4 Biomarkers 

Serum samples were taken before chemotherapy (if applicable), before RT, after 

RT and at the three-year follow-up. Serum samples were stored at −80°C until 

analysis. High-sensitivity TnT (hscTnT) and NT-proBNP were measured using a 

commercial analysis at Fimlab laboratories (297). As the limit of detection (LOD) 

of hscTnT is 5 ng/l, values <5 ng/l were considered to be 4 (LOD/√2) for 

calculations. HA and ADMA levels were measured by high-performance liquid 

chromatography with more detailed description available in publication I. The 

detection limit and interassay coefficient of variation for ADMA were 0.078 μM 

and 4.9%, respecteviely, and for HA, they were 0.078 μM and 1.7%, respectively. 

TGF-β1, PDGF-AB and ST2 levels were measured by enzyme-linked 

immunosorbent assay with reagents from R&D Systems Europe Ltd. (Abingdon, 

UK). TGF-β1 and PDGF-AB analyses were performed separately for 

publications II and III. For publication II, the detection limit and the interassay 

coefficient of variation were 7.8 pg/ml and 5.4% for TGF-β1 and 3.9 pg/ml and 

4.6% for PDGF-AB, respectively. For paper III, the detection limit and the 

interassay coefficient of variation were 7.8 ng/ml and 5.1% for TGF-β1 and 3.9 

ng/ml and 3.5% for PDGF-AB, respectively. For ST2, the detection limit and 

interassay coefficient of variation were 7.8 pg/ml and 6.2%, respectively. 
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4.5 Echocardiography and ECG 

An echocardiographic examination and a 12-lead ECG were performed before 

chemotherapy, before RT, after RT and at the three-year follow-up. An 

echocardiographic examination was planned for all chemo-naïve patients, but only 

patients with left-sided breast cancer receiving chemotherapy underwent an 

echocardiography. The same cardiologist (Suvi Tuohinen) performed all 

echocardiographic examinations using the same commercially available ultrasound 

machine (Philips iE33 ultrasound system; Philips, Bothell, WA, USA) equipped 

with a 1-5 MHz matrix-array X5-1 transducer. The ultrasound images were 

acquired at rest. The positioning of the patient was supine for subcostal imaging 

and lateral decubitus for all other imaging. Simultaneous superimposed ECG was 

used. The Doppler recordings were performed at the end-expiration of shallow 

breathing.  

More advanced echocardiography techniques were also used. Speckle tracking 

echocardiography was used to calculate the GLS with a semiautomated software 

program (Philips Qlab version 9.0). Additionally, IBS and CVIBS were measured 

offline with Philips Qlab software (version 8.1).  

4.6 Ethical considerations 

The study was approved by the Tampere University Hospital Ethics Committee 

(R10160), and informed consent was obtained from all participants. Participating in 

the study did not influence the adjuvant treatments the patients received. A 

recommendation of adjuvant treatment for each individual patient was made by the 

multidisciplinary tumor board and the final decision was made by the treating 

oncologist after a discussion with the patient on the benefits and risks associated 

with the treatment in question. 

4.7 Statistical analysis 

The distribution of all biomarkers and echocardiographic parameters were found 

to be skewed, and therefore, the median and interquartile range (IQR) were 

calculated. To test for the changes in the biomarkers and echocardiographic 

measurements from one time point to another, the Wilcoxon signed-rank test and 
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the Friedman test were used. For the determination of the linear correlations 

among variables, Spearman’s correlation was used. The Mann-Whitney U-test was 

used when assessing the difference in continuous variables, such as baseline 

characteristics, biomarker levels, radiation doses or echocardiographic 

measurements, between two groups. For the difference in categorical variables 

between two groups, Fisher’s exact test was used. To test multivariable associations 

for a change in echocardiographic parameters over time, linear regression was 

performed. When patients were divided into groups, multivariable logistic 

regression was used to find associations between variables and the groups. 

Trajectory analysis was performed to form groups by the behavior of a biomarker 

between time points. The groups were created according to the measurement of 

the biomarker in each patient as a continuous outcome measure and the groups 

represent clusters of individuals with similar trajectories and outcomes over time 

(298). Models were fitted by using the flexmix package (299) of the statistical 

program R (version 3.3.0) from the R Foundation for Statistical Computing (300). 

The relative goodness of fit was assessed using the Bayesian information criterion 

(BIC). The statistical analysis was performed using IBM SPSS Statistics software, 

version 23 (for papers I and II) and version 25 (for papers III and IV) for 

Windows (Armonk, NY, USA). P-values less than 0.05 were considered to be 

statistically significant. 
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5 SUMMARY OF RESULTS 

5.1 Patient characteristics 

The distributions of the patients and different treatment modalities are shown in 

the flow chart in Figure 3 in the Materials and Methods. The patient characteristics 

of the population in each substudy are presented in publications I-III. The 

patient population in publication IV is the same as that in publication III. 

5.2 Biomarkers and echocardiographic changes in patients 
receiving chemotherapy and radiotherapy (publication I) 

The effect of chemotherapy on HA, ADMA, and hscTnT levels and 

echocardiographic parameters before RT and immediately after RT were evaluated 

in publication I. The changes in the levels of these biomarkers are shown in Table 

2. During chemotherapy, the HA level significantly decreased, and the hscTnT 

levels increased (p=0.001 and p<0.001, respectively). During RT, the hscTnT 

release continued (p=0.006), but the HA levels slightly improved (p=0.004). 

However, the HA level did not return to the baseline levels measured before 

chemotherapy (p=0.014). ADMA, on the other hand, remained stable throughout 

these adjuvant treatments.  

Table 2.  HA, ADMA and hscTnT levels in patients who received chemotherapy (n=19) 

 Before chemotherapy Before RT After RT    

 Md IQR Md IQR Md IQR p¹ p² p³ 

HA (μM) 1.46 (1.01-2.18) 0.91 (0.71-1.29) 1.19 (0.83-1.63) 0.001 0.004 0.014 

ADMA (μM) 0.39 (0.33-0.44)  0.41 (0.31-0.47) 0.37 (0.32-0.42) 0.146 0.076 0.729 

hscTnT (ng/l) 4 (4-4) 9 (7-14) 13 (9-16) <0.001 0.006 <0.001 

p¹, before RT−before chemotherapy; p², after RT−before RT; p³, after RT−before chemotherapy 
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Of the patients who received chemotherapy, only the 11 patients with left-sided 

breast cancer underwent echocardiography. Therefore, due to this small number of 

patients, associations between the biomarkers and echocardiographic changes 

could not be reliably explored. 

However, changes in echocardiographic parameters during chemotherapy were 

observed. Adjuvant chemotherapy induced a change in LV geometry from baseline 

to before RT, as the LVESD and posterior wall (PW) increased, p=0.041 and 

p=0.032, respectively. Furthermore, myocardial dysfunction of the LV was also 

observed as CVIBS decreased, p=0.037. A clinically insignificant change in 

tricuspid regurgitation peak gradient (Trgrad) was also observed. The RT 

administered after chemotherapy did not cause further changes in 

echocardiography in the patients who received chemotherapy. 

5.3 Biomarkers and echocardiographic changes during 
radiotherapy in chemo-naïve patients (publications I-IV) 

The changes in the biomarkers HA, ADMA, TGF-β1, PDGF and ST2 and their 

association with echocardiographic changes were explored in publications I-IV. 

The biomarker levels before RT and after RT in the chemo-naïve patient 

population are depicted in Table 3. A significant decrease was only seen in the 

TGF-β1 and PDGF levels during RT, p=0.003 and p=0.001, respectively (II, III). 

The increase in the ST2 level showed a tendency toward statistical significance, 

p=0.075 (IV). On the other hand, HA, ADMA (I) and NT-proBNP (III) remained 

stable from before RT to immediately after RT. The levels of TGF-β1 and PDGF 

correlated at baseline (Spearman’s rho 0.667), immediately after RT (rho 0.713) and 

at the three-year follow-up (rho 0.749). There were also significant correlations 

between the changes in TGF-β1 and PDGF levels between these time points. The 

baseline TGF-β1 levels correlated with NT-proBNP at baseline (rho 0.298), 

immediately after RT (rho 0.265) and at the three-year follow-up (rho 0.293) 

(publication III, Table 2). 

The associations between the markers that changed during RT and 

echocardiography were further explored in publications II, III and IV. The basic 

echocardiographic measurements at baseline, after RT and at the three-year follow-

up are depicted in Supplementary Table S1 in publication III. 
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Table 3.  The levels of biomarkers during adjuvant breast cancer RT and the three-year follow-
up in chemo-naïve patients 

  Before RT After RT 3-year follow-up    

 n Md IQR Md IQR Md IQR p¹ p² p³ 

HA (μM) 81 1.58 (1.12-2.04) 1.60 (0.98-2.035) - - 0.822 - - 

ADMA (μM) 81 0.40 (0.37-0.44) 0.41 (0.35-0.45) - - 0.569 - - 

TGF-β1 (ng/ml) 63 19.2 (17.1–22.3) 18.8 (14.5–22.0) 17.2 (13.7–21.2) 0.003 0.101 0.001 

PDGF (ng/ml) 63 15.4 (12.6–19.1) 13.8 (11.7–16.2) 15.6 (10.4–18.4) 0.001 0.661 0.046 

ST2 (ng/ml) 63 17.9 (12.4-22.4) 18.2 (14.1-23.5) 18.7 (15.8-24.2) 0.075 0.295 0.018 

NT-proBNP (ng/l) 62 75.5 (42.5–125.5) 75 (35.5–132.8) 101.0 (55.5–183.3) 0.325 <0.001 <0.001 

p¹, after RT−before RT; p², 3-year follow-up−after RT; p³, 3-year follow-up–before RT 

5.3.1 Associations of the biomarkers with left ventricle measurements, 
diastology and tissue characterization in echocardiography 

Associations between structural changes in the myocardium and the levels of TGF-

β1 and PDGF were seen during RT. The baseline TGF-β1 level correlated with the 

structural parameters LVESD (rho 0.300, p=0.017), PW (rho 0.318, p=0.011) and 

interventricular septum (IVS) (rho 0.256, p=0.042) thicknesses after RT and 

inversely correlated with the diastolic parameter mitral E after RT (−0.300, 

p=0.017). The decrease in TGF-β1 level correlated with increasing septal cIBS 

(scIBS) (rho −0.289, p=0.023) and the decrease in PDGF correlated with 

increasing posterior cIBS (pcIBS) (rho 0.307, p=0.016) (III). 

 For further analysis, patients were divided according to a ≥15% and <15% 

increase in echodensity, measured by scIBS. The groups were otherwise balanced, 

but the radiation doses were generally higher in the group with the ≥15% increase 

than in the group with the <15% increase. The group with the ≥15% increase had 

significant decreases in both TGF-β1 and PDGF levels, p<0.001 for both, but the 

baseline measurements were not significantly different. In multivariable analyses, 

the change in the TGF-β1 level was borderline significant, and the change in 

PDGF was significant when age, hypertension and mean heart dose were included 

in the model (OR 0.91, 95% CI 0.82–1.00; and OR 0.88, 95% CI 0.78–0.99, 

respectively) (II). 
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5.3.2 Associations of the biomarkers with right ventricular function in 
echocardiography 

Changes in RV systolic function were associated with TGF-β1 and PDGF. The 

patients (n=46) were divided according to ≥15% and <15% change in TAPSE 

from before to after RT, which corresponds to a 4 mm clinically meaningful 

change in TAPSE. The groups were similar in underlying cardiovascular risk 

factors, age, BMI, proportion of left-sided breast cancer and cardiac radiation dose. 

The group with ≥15% decline in TAPSE had a higher baseline TGF-β1 and 

PDGF levels than the group with <15% decline, p<0.001 and p=0.020, 

respectively. Only patients in the ≥15% decline group exhibited a significant 

decrease in the TGF-β1 level (p<0.001). The PDGF levels significantly decreased 

in both groups. In multivariable analyses, changes in both the TGF-β1 and PDGF 

levels remained the only significant predictors with age, hypertension and mean 

heart dose included in the model (OR 0.85, 95% CI 0.75–0.96; and OR 0.85, 95% 

CI 0.75–0.97, respectively) (II). 

5.4 Changes in biomarkers and echocardiography during the 
three-year follow-up in chemo-naïve patients (publications 
III and IV) 

There was a significant change in all measured markers from baseline to the three-

year follow-up as shown in Table 3. The TGF-β1 level decreased significantly from 

baseline to the three-year follow-up, p=0.001. The median PDGF level was slightly 

higher at the three-year follow-up than at baseline (p=0.046), but the median 

change in the PDGF level was −1.1 (IQR −5.1-2.0) (III). A significant increase 

was found in the ST2 and NT-proBNP levels, p=0.018 and p<0.001, respectively 

(III,IV).  

The baseline levels and the three-year changes in TGF-β1 and PDGF were 

associated with LV measurements, and LV and RV systolic function and diastolic 

function (III). The increase in ST2 was associated with worsening LV systolic 

function (IV).  
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5.4.1 Associations of the biomarkers with left ventricle measurements in 
echocardiography 

The higher baseline TGF-β1 levels correlated with higher IVS (rho 0.428, p<0.001) 

and PW (rho 0.389, p=0.002), translating into a thicker LV myocardium at the 

three-year follow-up. The higher baseline PDGF also correlated with a thickening 

of the IVS (rho 0.306, p=0.015). The decrease in both TGF-β1 (rho −0.255, 

p=0.044) and PDGF (rho −0.385, p=0.002) levels correlated with a thickening of 

the IVS during the three-year follow-up (III).  

5.4.2 Associations of the biomarkers with left ventricular systolic function in 
echocardiography 

The systolic function was also affected by RT. A higher baseline TGF-β1 level (rho 

0.441, p<0.001) and a decrease in the TGF-β1 level (rho −0.302, p=0.018) 

correlated with worse GLS at the three-year follow-up. A higher baseline PDGF 

level also correlated with a worsening of GLS (rho −0.288, p=0.022).   

A trajectory analysis was performed to further explore the behavior of TGF-β1 

and PDGF. Two groups were found for both TGF-β1 and PDGF, with the 

clearest difference between the two groups being an elevated baseline level of the 

biomarker. In the TGF-β1 trajectory analysis, the groups were similar in baseline 

characteristics, baseline echocardiographic measurements and radiation doses, but 

only group 1, with higher baseline TGF-β1 levels, had a significant worsening in 

GLS. In a multivariable linear regression analysis worsening of GLS was predicted 

by trajectory group 1 (β = 0.27, p = 0.013), left-sided breast cancer (β = 0.39, p = 

0.001) and the use of AIs (β = 0.29, p = 0.011). The trajectory analysis did not 

suggest a similar predictive value of PDGF, despite the strong correlation between 

these two biomarkers (III).  

The increase in the ST2 levels during the three-year follow-up correlated with 

worse LV function at three years, measured by GLS (rho 0.272, p=0.034) and 

LVEF (rho −0.343, p=0.006). In multivariable linear regression, the worsening of 

GLS was explained by AI use (p=0.042) and left-sided breast cancer (p=0.013), 

with left-sided breast cancer probably representing the larger radiation dose 

received by the heart in these patients. The increase in ST2 showed a tendency 

toward explaining the worsening of GLS, p=0.093 (IV).  

The patients were further divided into two groups by a >15% worsening and a 

≤15% worsening of GLS. The patients with >15% worsening had a significant 



 

70 

increase in ST2, were more often AI users (p=0.008), were older (p=0.049) and 

had a larger radiation dose to the LAD (p=0.012) than the patients with ≤15% 

worsening. In multivariable logistic regression, AI users were more likely to belong 

to the group with a >15% change (OR 5.61, 95% CI 1.25-25.10). Furthermore, 

there was also a tendency for an association of the radiation dose of LAD (OR 

1.07, 95% CI 1.00-1.15), the increase in ST2 (OR 1.15, 95% CI 0.93-1.41), and 

older age (OR 1.08, 95% CI 0.96-1.22) with the impairment in GLS (IV). 

5.4.3 Associations of the biomarkers with right ventricular and diastolic 
function in echocardiography 

The three-year change in PDGF correlated with a decreasing TAPSE (rho 0.262, 

p=0.045). The correlation between the biomarkers and diastolic function was 

limited to a correlation between higher baseline PDGF levels and the decrease in 

mitral E (rho −0.270, p=0.033) during the three-year follow-up (III). 

5.5 Endocrine therapy, biomarkers and echocardiography 
(publications I, III and IV) 

Endocrine therapy began concurrently with RT in both chemotherapy-receiving 

and chemo-naïve patients and mostly started slightly before the start of RT. The 

start date of endocrine therapy was not documented, but a later phone query to 

tamoxifen-users confirmed that the therapy was started, by most, before the start 

of RT (I).  

5.5.1 Endocrine therapy, biomarkers and echocardiography in the patients 
who received chemotherapy and radiotherapy  

The effect of endocrine therapy on the HA, ADMA and hscTnT levels, and 

echocardiography was explored in publication I. During chemotherapy, the HA 

levels decreased in a similar fashion in the 6 tamoxifen users and the 13 AI users, 

since endocrine therapy was started after the completion of chemotherapy. 

However, the HA levels returned to baseline levels only in tamoxifen users (p 

=0.753) and not in AI users (p=0.001). Additionally, the hscTnT release occurred 

in tamoxifen and AI users alike during chemotherapy, but a further hscTnT release 
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was prevented in the tamoxifen users during RT (p=0.750). A significant release 

continued in the AI users (p=0.006). The ADMA levels were not affected by 

endocrine therapy.  

5.5.2 Endocrine therapy, biomarkers and echocardiography in chemo-
naïve patients 

In chemo-naïve patients, the associations among endocrine therapy, 

echocardiography and the biomarkers HA, ADMA, hscTnT, TGF-β1, PDGF and 

ST2 were explored in publications I, III and IV. 

The baseline levels of HA were similar in AI users and in those without 

endocrine therapy and were therefore compared as one group to tamoxifen users. 

Tamoxifen users had a higher baseline HA levels than nonusers (p=0.017), and 

they exhibited a significant increase in the HA level during RT (p=0.028). Non-

users had stable HA levels (p=0.231). A trajectory analysis was also performed, and 

three groups were identified. Patients within group 1 had the highest HA levels, 

and patients within group 3 had the lowest HA levels. The OR for tamoxifen use 

was 11.71 (95% CI 1.79-76.55) between groups 1 and 3. There was a tendency for 

the ADMA levels to be lower in tamoxifen users than in nonusers (p=0.050) 

before RT, and this difference became significant by the end of RT (p=0.044). The 

hscTnT levels were unaffected by endocrine therapy during RT in the chemo-naïve 

patient population.  

There were no significant differences in the TGF-β1 and ST2 levels before RT, 

after RT or at the three-year follow-up, or in the changes between these time 

points, when patients were grouped according to tamoxifen use or AI use (III, IV). 

The PDGF levels, on the other hand, were significantly lower in tamoxifen users 

than nonusers (p=0.041) (III).  

The echocardiographic parameters according to tamoxifen use, AI use and no 

endocrine therapy were explored in publication I. Tamoxifen users had fewer 

changes in echocardiographic parameters than AI users or patients without 

endocrine therapy. In tamoxifen users, only a significant decrease in CVIBS 

(p=0.046), a marker of LV function, was observed. AI users had a significant 

decline in LV function, measured by GLS (p=0.001), RV function, measured by 

TAPSE (p<0.001) and diastolic function, measured by mitral E (p=0.003). The 

patients without endocrine therapy had changes in CVIBS (p=0.001) and TAPSE 
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(p=0.028) as well as a thickening of the IVS (p=0.023) and PW (p=0.046) and an 

increased echodensity in scIBS (p=0.002) (publication I, Table 3).  

In multivariable linear regression analyses, AI use was an independent predictor 

of GLS decline over the three-year follow-up. In an analysis with the TGF-β1 

trajectory group, left-sided breast cancer, AI use and age, the GLS decline was 

independently predicted by all factors except age (III). In another analysis that 

included the change in the ST2 level over the three-year follow-up, AI use, 

laterality of breast cancer, age, BMI and hypertension as variables, AI use was the 

only significant predictor of the GLS decline over the three-year follow-up (IV).   
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6 DISCUSSION 

We observed changes in several different cardiac biomarkers during chemotherapy, 

during RT and during the three-year follow-up in conjunction with the cardiac 

structural and functional changes evaluated by echocardiography. Endocrine 

treatments also affected both the biomarker levels and echocardiographic findings. 

6.1 Changes in biomarkers and echocardiography in patients 
who were treated with chemotherapy and RT 

We found a chemotherapy-induced decrease in HA levels in the 19 patients who 

were treated with chemotherapy. Furthermore, the HA level increased after 

chemotherapy during the completion of the RT course. However, the HA level did 

not return to its baseline level. A significant increase in hscTnT was also observed 

(I). Simultaneously, in the 11 left-sided breast cancer patients who also had 

echocardiography performed, a thickening of the LV, an increasing LVESD and 

PW were observed. Additionally dysfunction of the myocardium, namely a 

decrease in CVIBS, was observed. Due to the small sample size, we could not 

determine the associations between HA levels and echocardiographic changes in 

this part of the study (I).  

To date, our study is the only one in which the effect of cancer treatments on 

HA has been evaluated. A possible explanation for the decrease in HA levels 

during chemotherapy is through the NO pathway. Most of our patients received 

anthracycline-based chemotherapy, the cardiotoxicity of which is at least partially 

mediated through anthracycline’s ability to activate iNOS and induce NO 

production, which then leads to the production of peroxynitrite, a cardiomyocyte 

damaging compound (117). HA, on the other hand, is thought to act as a substrate 

for NOS (246) and therefore, the decrease in HA levels could represent the 

increased use of HA for NOS activation. 

The TnT release caused by chemotherapy has also been reported in earlier 

studies (217,230,231). The increase in TnI levels is even more widely reported 
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(174,226–229). The measurement of troponins is suggested by several guidelines as 

an aid to identify patients at risk for cardiotoxicity during and after treatments (7–

11). 

The chemotherapy-induced changes in LV measurements are not a widely 

studied, but in an earlier study, increased LVESD and LVEDD at baseline seemed 

to be predictive of the development of major cardiac adverse events in patients 

receiving anthracyclines for various cancers (191). Furthermore, anthracyclines in 

children and in lymphoma patients and high-dose 5-FU for various cancers have 

been reported to induce a decrease in CVIBS, but no studies on breast cancer 

patients were found in the literature search (197–199). However, the significance of 

these findings that occurred early after the treatments in a small patient population 

requires further study.  

 

6.2 Changes in biomarkers and echocardiography in chemo-
naïve patients treated with RT 

A significant decrease in TGF-β1 and PDGF levels were observed during RT. 

Additionally, the increase in the ST2 level was nearly significant. HA, ADMA or 

NT-proBNP did not change in the chemo-naïve patients during RT.  

At the three-year follow-up, the TGF-β1 levels were still significantly lower than 

those at baseline, while the PDGF levels were not. The median PDGF level was 

actually slightly higher than that at baseline, but this small change was not 

considered meaningful, despite the statistical significance. The increase in ST2, on 

the other hand, reached statistical significance by the three-year follow-up, as did 

the subclinical increase in NT-proBNP. 

There are no earlier studies reporting the changes in TGF-β1, PDGF, ST2, HA 

or ADMA after breast cancer adjuvant RT. Contrary to our finding, a subclinical 

increase in NT-proBNP has been reported earlier during and at one or six months  

after RT for breast cancer (234,245). We found that the increase in NT-proBNP 

occurred later during the follow-up. The RT-induced change in TGF-β1 levels has 

been studied in lung cancer patients. However, this is not an analogous situation to 

postoperative adjuvant breast cancer RT, since in the RT for lung cancer, the 

tumor is still intact, and a much larger part of the lung is irradiated. A systematic 

review concluded that an increase in TGF-β1 levels was predictive of radiation 



 

75 

pneumonitis (271), while two others found decreased levels of TGF-β1 after lung 

cancer RT, probably due to tumor downsizing (272,273). 

The changes in the biomarkers were associated with early changes in 

echocardiographic parameters as well as later changes during the three-year follow-

up. The decrease in TGF-β1 and PDGF levels during RT was associated with an 

early decline in RV function, measured by TAPSE, and an early increase in 

echodensity, determined by tissue characterization.  

We divided the patients according to a 15% worsening in TAPSE and scIBS. 

The patients with a ≥15% worsening in either TAPSE or scIBS had a significant 

decrease in TGF-β1 levels, while the patients with a <15% worsening had stable 

TGF-β1 levels. The results were similar for the grouping by scIBS change and 

PDGF levels, but the PDGF levels significantly decreased for both groups divided 

according to TAPSE change. In a multivariable analysis, the change in the TGF-β1 

and PDGF levels remained independent predictors of the ≥15% worsening in 

TAPSE, with age, hypertension and mean heart dose included as variables. In a 

similar fashion, the change in TGF-β1 levels was nearly significant and the change 

in PDGF levels was significant in predicting a ≥15% worsening in cIBS, with the 

same variables included in the multivariable analysis. There are no previous reports 

on the association of TGF-β1 and PDGF levels and echocardiographic changes 

during RT. However, TAPSE is a widely used tool to determine RV function and 

has been shown to be predictive of poor cardiac prognosis in patients with various 

noncancer conditions (301,302); therefore, our finding could be of importance in 

predicting later cardiac morbidity. The increased echodensity measured by scIBS is 

thought to represent structural changes in the myocardium (193). In our patient 

population the increase in echodensity possibly represents inflammatory or even 

early interstitial fibrotic changes induced by RT. A more detailed study of our 

patient population showed that changes in tissue characterization parameters were 

displayed in areas with higher radiation doses (200), but no other studies on the 

effect of RT on tissue characterization exist.  

The changes in TGF-β1, PDGF and ST2 levels were also associated with 

echocardiographic changes in LV structure and function, as well as RV function. 

The changes in the TGF-β1 and PDGF levels correlated with a thickening of the 

IVS. The change in PDGF levels correlated with a decrease in TAPSE. However, 

the most important finding is probably the associations between the biomarkers 

and LV function, namely, GLS and LVEF. Although the changes were mostly 

subclinical in nature, 14 (22%) of the patients had a >15% relative worsening of 

GLS, which is considered clinically meaningful by several guidelines (8,10,11). We 
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found that the increase in the ST2 level correlated with a decline in LVEF and 

GLS. However, in multivariable linear regression analysis, AI use and left-sided 

breast cancer significantly explained the decline in GLS and the change in ST2 was 

only nearly significant in explaining the decline in GLS.  

Since no earlier studies have explored the changes in these biomarkers in breast 

cancer patients with regard to cardiac changes, further evaluation is needed as 

serum measurements could provide an easy method of follow-up for cancer 

patients at risk for cardiotoxicity. 

6.3 Biomarkers in predicting echocardiographic changes that 
occur after breast cancer RT 

In addition to the changes that occurred in the biomarker levels, we found that the 

baseline levels of TGF-β1 and PDGF could aid in identifying patients susceptible 

to echocardiographic changes.  

The higher baseline level of TGF-β1 correlated with increased LVESD and a 

thickening of the PW and IVS during RT. These changes most likely depict early 

inflammation in the myocardium. In addition, there was a correlation with 

declining diastolic function, measured by mitral E. Moreover, the patients with a 

≥15% worsening in TAPSE during RT had significantly higher baseline TGF-β1 

and PDGF levels.  

Elevated baseline TGF-β1 and PDGF levels also correlated with 

echocardiographic changes at the three-year follow-up. An elevated TGF-β1 level 

correlated with a thickening of the IVS and PW, and an elevated PDGF level 

correlated with a thickening of the IVS. The elevated baseline PDGF level also 

correlated with a three-year decline in mitral E. In the trajectory analysis, group 1 

with the highest baseline TGF-β1 level exhibited a thickening of the IVS and PW.  

More notably, group 1 had a significant decline in GLS, an excellent early predictor 

of major adverse cardiac events (170). In multivariable analysis, trajectory group 1 

remained a significant predictor of GLS decline, in addition to AI use and left-

sided breast cancer. Nevertheless, as the echocardiographic measurements did not 

differ at baseline, it seems that elevated TGF-β1 levels are not only a marker of 

existing cardiac changes, but may represent increased radiosensitivity of normal 

tissues.   

Although, the ability of elevated TGF-β1 levels to predict cardiac changes has 

not been studied, two earlier studies found that elevated TGF-β1 levels were 
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predictive of breast fibrosis, a late sequelae of breast cancer RT (268,269). 

Furthermore, the cause of the elevated baseline TGF-β1 levels is not known. There 

is genetic variation in circulating TGF-β1 levels. For example, the TGF-β1 C-509 T 

variant allele (rs1800469) has shown an association with elevated levels of 

circulating TGF-β1 (259). However, the two prospective trials present 

contradicting evidence on the association between the variant allele TGF-β1 C-509 

T and breast fibrosis (260,262). A retrospective cohort study found an association 

between the TGF- β1 29C > T polymorphism and CVD after a mean follow-up of 

19 years after breast cancer RT. However, the polymorphism in question is 

associated with lower levels of circulating TGF-β1 (261). The exact role of TGF-β1 

in CVD is still unknown. Elevated levels of TGF-β1 are found in patients with 

hypertension and dilated cardiomyopathy, while decreased levels are seen in 

association with atherosclerosis (303).  

6.4 Endocrine therapy induced changes in biomarkers and 
echocardiography 

Most patients with early breast cancer receive RT (6). The practice, at the time of 

the study, was to use endocrine therapy simultaneously with RT. Therefore, the 

results depict the additive effect of these treatment modalities. 

In the patients who received chemotherapy, tamoxifen appeared to have 

cardioprotective effects, as the chemotherapy-induced decrease in HA levels and 

hscTnT release were attenuated during RT, as HA returned to baseline levels and 

hscTnT did not further increase. On the other hand, in AI users, HA remained at a 

lower level after RT and hscTnT increased.  

Further suggestion for the cardioprotective role of tamoxifen was seen in the 

chemo-naïve patient population. In tamoxifen users, HA levels increased, while 

they remained stable in AI users and patients without endocrine therapy. The 

trajectory analysis identified three groups with different levels of HA. Group 1 had 

the highest HA levels, and most tamoxifen users belonged to group 1. HA has not 

been previously studied in cancer patients. 

In addition to the changes in biomarkers, fewer echocardiographic changes 

during RT were seen in tamoxifen users than in AI users or in patients without 

endocrine therapy. However, there were only 6 tamoxifen users in both the chemo-

naïve patients and those who received chemotherapy. Therefore, the group is too 

small to draw any definite conclusions, but it has been previously proposed that the 
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difference in cardiac adverse events is likely a depiction of the cardioprotective 

effect of tamoxifen (141). The cardioprotective role of tamoxifen could be 

mediated through the NO pathway. In animal models, tamoxifen induced NO-

mediated vasodilation of the coronary arteries (304,305). An earlier study of breast 

cancer patients receiving chemotherapy only, chemotherapy and tamoxifen or 

tamoxifen only also found a cardioprotective effect of tamoxifen: a LVEF decline 

and an increase in NT-proBNP was found at 12 months solely in the 

chemotherapy group, while LVEF was stable and NT-proBNP decreased in the 

other two groups (306).   

AIs seem to have a role in inducing LV systolic changes, measured by GLS. AI 

users were the only group that had a worsening of GLS during RT, while 

tamoxifen users and patients without endocrine therapy did not. Furthermore, AI 

seems to play a role in inducing LV systolic function decline during the follow-up. 

In a multivariable linear regression analysis, AI use was a significant independent 

predictor of GLS worsening, with laterality of breast cancer, age, BMI and 

hypertension and ST2 level included as variables. 

Although the clinical cardiotoxic events associated with endocrine therapy are 

well documented, only one study has documented the lack of echocardiographic 

changes associated with tamoxifen (306). There are no other reports on AI-induced 

echocardiographic changes besides our group’s (181,189).  

6.5 Confounding factors and limitations 

The major limitation of our study is the small size of the study population. In 

particular, the population that received chemotherapy was very small and only the 

left-sided patients underwent echocardiography. Therefore, associations between 

the observed biomarker and echocardiographic changes could not be established in 

the chemotherapy-receiving patient group. The subpopulation of tamoxifen users 

was even smaller. Therefore the results concerning the possible cardioprotective 

effect of tamoxifen are only hypothesis generating and require more study. Even 

though the chemo-naïve patients formed the largest group, it is still small for 

subgrouping to determine the effect of confounding factors such as other 

cardiovascular risk factors. Additionally, the absolute risk of cardiovascular 

morbidity is still rather small and our patient population may be too small to 

reliably determine whether the biomarker and echocardiographic changes we found 

translate into clinically relevant morbidity. Furthermore, the follow-up time is still 
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short as the cardiovascular risks associated with RT take years or even decades to 

clinically manifest. Additionally, we observed elevated baseline TGF-β1 levels to be 

predictive of echocardiographic changes, but the underlying reason for the 

elevation is not known. However, the strengths of our study are that the treatments 

used represent regimens that are in daily use, recommended by guidelines and the 

local multidisciplinary meeting. Furthermore, echocardiography was performed by 

the same cardiologist, avoiding interobserver variability. Additionally, patient 

compliance with the follow-up echocardiography was good.  

6.6 Future considerations 

Although, we found changes in several cardiac biomarkers that were induced by 

adjuvant breast cancer treatments in association with echocardiographic changes, 

the planned long-term follow-up will determine if these changes precede clinically 

relevant cardiac morbidity. Larger studies are also needed to confirm whether the 

changes in cardiac biomarkers, other than troponins and natriuretic peptides, are 

useful in the follow-up of patients at risk for developing cancer treatment-induced 

cardiac morbidity. Biomarkers could be an appealing alternative, as 

echocardiography takes up much more resources than a simple serum sample. If 

the baseline elevation of TGF-β1 levels as a predictor of the radiosensitivity of 

cardiac tissue is confirmed, it could help select which patients need even stricter 

criteria for radiation doses of the heart and would benefit from the technological 

advances in RT to meet them. Furthermore, TGF-β1 could provide a molecular 

target for drugs to alleviate radiation-induced normal tissue toxicity or to prevent it, 

as avoiding RT is not always the best option for the patient. Preclinical studies 

targeting TGF-β1 have been performed, but human studies are needed as well 

(307).  

6.7 Clinical implications and cardiac follow-up 

After the start of our study, our clinic implemented the voluntary DIBH technique 

to lower the cardiac radiation doses. Additionally, we now recommend that 

endocrine therapy be started after the completion of RT to avoid the possible 

toxicity potentiating effects of the concurrent use of AIs and RT.  
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Several guidelines have been formulated regarding the cardiac follow-up of 

patients receiving potentially cardiotoxic cancer treatments, as shown in Table 1 

(7–12). Echocardiography is the basis of the follow-up, with troponins and 

natriuretic peptides being a supplementary method of cardiotoxicity detection. 

Echocardiography, although widely available, does take up resources. Biomarkers 

hold promise in providing a less resource-consuming method of detecting 

cardiotoxicity, although it seems likely that they will remain a supplementary 

method. A national Finnish guideline does not yet exist but hopefully will be 

published in the future to guide the cardiac follow-up of cancer patients.  
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7 SUMMARY AND CONCLUSIONS 

We observed that adjuvant breast cancer chemotherapy, radiotherapy and 

endocrine therapy induced changes in multiple echocardiographic parameters and 

these changes were associated with changes in several cardiac biomarkers. The 

specific findings were as follows: 

1. Adjuvant breast cancer chemotherapy induced a decrease in 

homoarginine and, simultaneously, structural and functional changes in 

the left ventricle were observed. Tamoxifen was associated with an 

increase in HA in chemotherapy-receiving and chemo-naïve patients alike, 

possibly indicating a cardioprotective effect of tamoxifen. In addition, the 

chemotherapy-induced TnT release did not continue during RT in 

tamoxifen-users. 

2. Adjuvant breast cancer RT induced early structural changes and a decline 

in RV function that were associated with decreases in TGF-β1 or PDGF 

during RT. The decrease in TGF-β1 over the three-year follow-up was 

associated with a decline in LV systolic function, measured by GLS. 

3. Elevated baseline TGF-β1 levels were associated echocardiographic 

changes that occurred during RT and during the three-year follow-up. 

Elevated levels of both TGF-β1 and PDGF were associated with a ≥15% 

worsening in TAPSE. A worsening of GLS over the three-year follow-up 

was predicted by elevated baseline TGF-β1 levels, AI use and left-sided 

breast cancer. 

4. An increase in ST2 levels over the three-year follow-up was observed in 

patients who had a clinically meaningful >15% relative worsening of 

GLS.  
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Abstract. Aim: To identify patients with breast cancer at
risk for cardiotoxicity, we evaluated homoarginine (HA)
behavior during adjuvant treatment. Patients and Methods:
Eighty-one patients received radiotherapy (RT) with or
without endocrine treatment, and 19 received chemotherapy,
RT and endocrine therapy. Serum HA, asymmetric
dimethylarginine (ADMA) and high-sensitivity cardiac
troponin T (hscTnT) were measured and echocardiography
was performed before chemotherapy, and before and after
RT. Results: In chemo-naïve tamoxifen users HA increased
during RT from a median (IQR) of 2.47 (1.61-3.35) to 2.86
(1.93-4.23) μM (p=0.028) and remained stable in patients
with aromatase inhibitor and in those without endocrine
therapy. Tamoxifen users were mostly spared from
echocardiographic changes. In chemotherapy-treated
patients, HA decreased during chemotherapy (p=0.001) from
1.46 (1.01-2.18) to 0.91 (0.71-1.29) μM, and increased
(p=0.004) to 1.19 (0.83-1.63) μM during RT, remaining
lower than at baseline (p=0.014). Echocardiographic
changes were observed during chemotherapy. Conclusion:
HA decrease during chemotherapy could indicate an
increased risk of cardiovascular morbidity. Additionally, HA
increase in tamoxifen users may reflect a cardioprotective
effect of tamoxifen.

In order to lower the risk of recurrence and death from early
breast cancer, patients receive adjuvant treatments. However,
cardiotoxicity, manifesting years later, is associated with all
forms of adjuvant treatment: chemotherapy, radiotherapy
(RT) and endocrine therapy (1-6). Furthermore, a recent
meta-analysis concluded that the 19% increase in risk of
cardiovascular events with aromatase inhibitor (AI) use
relative to tamoxifen was most likely a reflection of the
cardioprotective effect of tamoxifen (7).

Low levels of the cardiac biomarker, homoarginine (HA),
have been associated with an increased risk of cardiovascular
events, and increased cardiac and all-cause mortality, in
patients with various heart conditions in population-based
studies (8-14). An association of low HA with impaired
cardiac function has also been documented, namely, with a
lowered left ventricular ejection fraction (LVEF) and
diastolic dysfunction in patients with preserved LVEF (8,
15). In contrast, an elevated level of another cardiac
biomarker, asymmetric dimethylarginine (ADMA), is
associated with increased cardiovascular risk (16). Although
an epidemiological study found no association between HA
and cancer-specific mortality, the effect of cancer treatments
on HA level has not been reported to our knowledge (12).

The aim of our study was to investigate changes in cardiac
biomarkers, HA, ADMA and high-sensitivity cardiac troponin-
T (hscTnT), and in echocardiographic measurements during
and after adjuvant therapy of early breast cancer to find
patients at risk for later cardiovascular complications. 

Patients and Methods 

Patient population. This single-center, prospective, observational
clinical study included 100 patients with measurable serum samples
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who received adjuvant treatment for breast cancer or ductal
carcinoma in situ between June 2011 and May 2013. All patients
received postoperative RT after breast-conserving surgery or
mastectomy. Patients were grouped according to chemotherapy and
endocrine therapy (Figure 1). Exclusion criteria were described
previously, with the exception of the inclusion of chemotherapy-
receiving patients in this study (17). The protocol was approved by
the local Ethics Committee (R10160) and informed consent was
obtained from all individual participants included in the study.

Chemotherapy. The most common chemotherapy regimen used was
three courses of docetaxel (80 mg/m2), followed by three courses of
CEF (600 mg/m2 fluorouracil, 75 mg/m2 epirubicin and 600 mg/m2
cyclophosphamide; n=20). Other regimens used were six courses of
CEF (n=4); four courses of docetaxel (75 mg/m2) and
cyclophosphamide (600 mg/m2) (n=1); or three courses of docetaxel
(60 mg/m2) and capecitabine (900 mg/m2 twice daily on days 1-15)
followed by three courses of cyclophosphamide (600 mg/m2),
epirubicin (75 mg/m2) and capecitabine (900 mg/m2 twice daily on
days 1-15) (n=3). All cytotoxic agents, except capecitabine, were
administered intravenously on day one of the 21-day treatment cycle
(18-20). One patient also received trastuzumab (8 mg/kg loading dose
and 6 mg/kg thereafter) together with docetaxel. 

Radiotherapy. Execution of the RT was described in detail in earlier
publications (17, 21). The treatment dose was either 50 Gy in 2-Gy
fractions with or without an additional boost of 10-16 Gy in 2-Gy
fractions to the tumor bed or 42.56 Gy in 2.66-Gy fractions over 3.5
weeks (hypofractionation). Axillary or supraclavicular lymph nodes
were included in the planning target volume according to local
guidelines. 

Serum biomarker analysis. Serum samples were taken before
commencing chemotherapy, if applicable, before RT, 2 weeks (for
hypofractionated RT) or 3 weeks (for conventional RT) after the
start of RT and the last day of RT. Serum samples were subjected
to solid-phase extraction (Oasis® MCX SPE columns; Waters,
Milford, MA, USA) as described previously (22). L-NG-
Monomethyl arginine was used as internal standard. Eluted samples
were dried under nitrogen at 55˚C and the residues were dissolved
in 0.1 mL ultrapure water and stored at −20˚C. Chromatography was
performed on a Symmetry® C18 column (4.6×150 mm, 5 μm) with
Symmetry® C18 guard column (3.9×20 mm) (Waters) as described
previously (23) using a Shimadzu liquid chromatography system
(Shimadzu, Kyoto, Japan) with a gradient pump (LC-10AD), an
autosampler (SIL-30AC) and fluorescence detector (RF-10Axl).
Data acquisition and analysis were performed using LabSolutions
software (Shimadzu), and ADMA and HA concentrations in samples
were calculated against standard curves. The detection limits and
inter-assay coefficients of variation for AMDA were 0.078 μM and
4.9%, respectively, and 0.078 μM and 1.7% for HA.

High sensitivity cardiac troponin T was measured at the same
time points as HA and ADMA. The detection limit was 5 ng/l and
values below this were estimated to be 4 ng/l.

Echocardiographic examination. Echocardiographic examination
was performed before the beginning of chemotherapy, before the
start of RT and after completion of RT by a single cardiologist (ST)
using a commercially available ultrasound machine (Philips iE33
ultrasound system; Philips, Bothell, WA, USA) and a 1-5 MHz

matrix-array X5-1 transducer in a standardized manner as described
previously (24), following current guidelines (25-28). 

Statistical analysis. Chemo-naïve patients and chemotherapy-treated
patients were analyzed separately. Furthermore, patients were
divided into subgroups by endocrine therapy. Due to the skewed
distributions of all continuous variables, medians and interquartile
ranges were calculated. To test differences in baseline
characteristics, Fisher’s exact test and the Mann–Whitney U-test
were used for catecorical and continuous variables, respectively.
Linear regression was used to determine statin use as a predictor of
change in HA during RT in chemo-naïve patients. In order to test
for changes in HA, ADMA, hscTnT and echocardiographic
parameters during chemotherapy and RT, the Friedman and
Wilcoxon signed-rank tests were utilized. Group based trajectory
modeling was used to created trajectory groups of chemo-naïve
patients for HA (29). The trajectory groups were created according
to all measurements of HA in each patient as a continuous outcome
measure and the groups represent clusters of individuals with
similar trajectories and outcomes over time (30). Models were fitted
by using the flexmix package (31) of the statistical program R,
version 3.3.0, from the R Foundation for Statistical Computing (32).
Relative goodness of fit was assessed using Bayesian information
criteria (BIC). Odds ratio (OR) for the trajectory groups was
determined by multinomial logistic regression. Statistical analyses
were performed using IBM SPSS statistics for Windows (version
23, IBM Corp., Armonk, NY, USA). p-Values under 0.05 were
considered statistically significant.

Results
Baseline characteristics. Baseline characteristics of all
treated patients and groups according to oncological
intervention are described in Table I. Patients receiving
chemotherapy were younger (p=0.002) and more likely to
receive tamoxifen (p=0.010) or AI (p=0.019) than chemo-
naïve patients. However, baseline HA levels were similar
(p=0.772). The baseline ADMA level was significantly
higher (p<0.001) in chemo-naïve patients than in
chemotherapy-receiving patients, albeit the absolute levels
were similar, at 0.40 and 0.39, respectively. 

Patients without endocrine therapy had a lower body mass
index (BMI) than tamoxifen users (p=0.033) or AI users
(p=0.003) (Table II). Tamoxifen users used angiotensin-
converting enzyme inhibitors more often than those without
endocrine therapy (p=0.031).The baseline HA level was
significantly higher in tamoxifen users than in AI users
(p=0.029) and those without endocrine therapy (p=0.016).
The ADMA level, on the other hand, tended to be lower in
tamoxifen users than in AI users (p=0.076) and those
without endocrine therapy (p=0.054). 

Homoarginine changes during RT in chemo-naïve patients.
HA remained stable in the 81 patients who received RT but
no chemotherapy, 1.58 (1.12-2.035) μM before RT and 1.60
(0.98-2.035) μM after RT (p=0.822) (Figure 2a). Analysis
was also performed according to tamoxifen use. As baseline
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Figure 1. Flow chart of patients included in the study. DCIS: Ductal carcinoma in situ, RT: radiotherapy, AI: aromatase inhibitor, Tam: tamoxifen.

Table I. Baseline characteristics of the study population.

Characteristic                                                 All treated (n=100)                      Chemo + RT (n=19)                      RT only (n=81)                    p-Value*

Median age (IQR), years                                      62 (58-66)                                     58 (50-61)                                  64 (58-66)                          0.002
Median BMI (IQR), kg/m2                           25.95 (24.10-28.95)                      24.90 (23.10-28.15)                   26.20 (24.21-29.31)                  0.195
Current smoker, n (%)                                             14 (14)                                          4 (21.1)                                     10 (12.3)                           0.460
Statin use, n (%)                                                      18 (18)                                           1 (5.3)                                        17 (21)                             0.183
Hypertension, n (%)                                                37 (37)                                          5 (26.3)                                     32 (39.5)                           0.429
CAD, n (%)                                                                4 (4)                                             1 (5.3)                                        3 (3.7)                             0.576
ACE or ARB, n (%)                                                27 (27)                                          3 (15.8)                                     24 (29.6)                           0.265
Hypothyreosis, n (%)                                               15 (15)                                          3 (15.8)                                     12 (14.8)                           1.000
ASA, n (%)                                                                8 (8)                                               0 (0)                                          8 (9.9)                             0.347
Beta-blockers, n (%)                                                15 (15)                                          3 (15.8)                                     12 (14.8)                           1.000
AI, n (%)                                                                  43 (43)                                         13 (68.4)                                      30 (37)                             0.019
Tamoxifen, n (%)                                                     12 (12)                                          6 (31.6)                                       6 (7.4)                             0.010
Median HA (IQR), μM                                    1.56 (1.10-2.08)                            1.46 (1.01-2.18)                        1.58 (1.12-2.035)                     0.772
Median ADMA (IQR), μM                               0.39 (0.3-0.42)                             0.39 (0.33-0.44)                         0.40 (0.37-0.44)                   <0.001
Median hscTnT (IQR), ng/l,                              4.0 (4.0-6.0)                                  4.0 (4.0-4.0)                              4.0 (4.0-6.75)                        0.181

Chemo: Chemotherapy, RT: radiotherapy, IQR: interquartile range, BMI: body mass index, CAD: coronary artery disease, ACE: angiotensin-
converting enzyme inhibitors, ARB: angiotensin II receptor blockers, ASA: low-dose acetylsalicylic acid, AI: aromatase inhibitor use, HA:
homoarginine, ADMA: asymmetric dimethylarginine, hscTnT: high-sensitivity cardiac troponin-T. *Mann–Whitney U-test for non-normal variables,
Fischer’s exact test for categorical variables to compare chemo + RT and radiotherapy-only groups.



HA values and the change in HA levels were similar in AI
users and in those without endocrine therapy, these patients
were analyzed together as one group. Tamoxifen users had a
higher median HA of 2.47 (1.61-3.35) μM before starting RT
compared to the median HA of 1.53 (1.1-1.95) μM in non
users (p=0.017). The HA level also increased significantly
by 0.47 (0.31-0.89) μM (p=0.028) in tamoxifen users
(Figure 2b), whereas the change of −0.03 (−0.25-0.1) μM
(p=0.231) in non users was not significant (Figure 2c). In
linear regression analysis, statin use was a significant factor
predicting the change in HA. Statin use did not affect the
baseline HA value, which was 1.50 (0.98-2.17) μM in statin
users and 1.60 (1.14-1.98) μM in non users (p=0.826), but
there was a significant increase of HA by 0.1 (0.01-0.56) μM
(p=0.014) in statin users and a non-significant change of
−0.1 (−0.33-0.14) μM (p=0.123) in non users during RT. 

The chemo-naive patients were also divided into
trajectories by HA behavior (Figure 3). Group 1 included
four out of 11 (36%) tamoxifen users and group 2 included
two out of 43 (4.7%) tamoxifen users. There were no
tamoxifen users among the 27 patients in group 3. The odds
ratio for tamoxifen use was 11.71 (95% confidence
interval=1.79-76.55) between groups 1 and 3.

Homoarginine changes in patients receiving chemotherapy.
The median HA values, in Figure 4, for the 19 patients who
received both chemotherapy and RT were 1.46 (1.01-2.18) μM,
0.91 (0.71-1.29) μM and 1.19 (0.83-1.63) μM before

chemotherapy, before RT and after RT, respectively. The
changes in HA during chemotherapy and RT were significant
(p<0.001 Figure 4). HA values decreased by 0.52 μM during
chemotherapy (p=0.001) and increased by 0.20 μM during RT
(p=0.004), but did not recover to baseline levels. HA levels
remained 0.27 (−0.37-0.02) μM lower at the end of RT
compared to baseline levels before chemotherapy (p=0.014). 

All of these 19 patients received endocrine therapy, six
with tamoxifen and 13 with AI. The baseline values and the
decrease in HA levels during chemotherapy were similar in
tamoxifen and AI users. During the RT following
chemotherapy, HA values increased by a median of 0.71
(0.09-1.26) μM (p=0.075) in tamoxifen users and by 0.15
(0.03-0.38) μM (p=0.023) in AI users. HA values at the end
of RT were 1.48 (1.14-2.81) μM in tamoxifen users and 0.96
(0.78-1.43) μM in AI users. Although, the difference in end
values was only borderline significant, p=0.058, between the
groups, HA levels remained significantly lower in AI users
(p=0.002) than the baseline HA values. In tamoxifen users,
there was no significant difference in HA levels between
baseline and after RT (p=0.753).

Asymmetric dimethylarginine (ADMA). In chemo-naïve
patients, the median ADMA levels were 0.40 (0.37-0.44) μM
and 0.41 (0.35-0.45) μM before and after RT, respectively and
they remained stable throughout RT (p=0.569). ADMA levels
were compared according to tamoxifen use and the baseline
levels tended to be lower (p=0.050) in tamoxifen users (Table
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Table II. Baseline characteristics of patients receiving radiotherapy (RT) and tamoxifen, aromatase inhibitor (AI) or no endocrine therapy.

                                                                                                         Radiotherapy                               

Characteristic                                              Tamoxifen (n=6)            AI (n=30)          No endocrine therapy (n=45)     p-Value1       p-Value2     p-Value3

Median age (IQR), years                           64 (56.75-69.25)           64 (58-67)                         62 (58-66)                       0.951            0.638           0.458
Median BMI, kg/m2, (IQR)                       30.4 (25.7-33.2)       27.4 (24.9-30.3)                24.8 (23.6-27.4)                   0.448            0.033           0.003
Current smoker, n (%)                                         0 (0)                       5 (16.7)                             5 (11.1)                          0.564            1.000           0.508
Statin use, n (%)                                                2 (33.3)                     8 (26.7)                             7 (15.6)                          1.000            0.284           0.255
hypertension, n (%)                                           4 (66.7)                    13 (43.3)                           15 (33.3)                         0.391            0.179           0.467
CAD, n (%)                                                          0 (0)                        1 (3.3)                               2 (4.4)                           1.000            1.000           1.000
ACE or ARB, n (%)                                          4 (66.7)                    11 (36.7)                            9 (20.0)                          0.210            0.031           0.121
Hypothyreosis, n (%)                                        1 (16.7)                     6 (20.0)                             5 (11.1)                          1.000            0.548           0.330
ASA, n (%)                                                        1 (16.7)                     5 (16.7)                              2 (4.4)                           1.000            0.319           0.108
Beta-blockers, n (%)                                         1 (16.7)                     7 (23.3)                              4 (8.9)                           1.000            0.480           0.104
Median mean heart dose, (IQR)                1.74 (0.62-4.17)       2.30 (1.06-3.75)                2.02 (0.80-3.68)                   0.749            0.831           0.799
Median baseline HA, (IQR), μM               2.47 (1.61-3.35)       1.59 (1.12-1.96)                1.52 (1.09-1.95)                   0.029            0.016           0.996
Median baseline ADMA (IQR), μM          0.37 (0.32-0.39)       0.41 (0.37-0.44)                0.40 (0.37-0.45)                   0.076            0.054           0.872
Median baseline hscTnT (IQR), ng/l           4.5 (4.0-17.3)            5.0 (4.0-8.0)                      4.0 (4.0-6.0)                      0.782            0.414           0.157

AI: Aromatase inhibitor use, IQR: interquartile range, BMI: body mass index, CAD: coronary artery disease, ACE: angiotensin-converting enzyme
inhibitors, ARB: angiotensin II receptor blockers, ASA: low-dose acetylsalicylic acid, HA: homoarginine, ADMA: asymmetric dimethylarginine,
hscTnT: high-sensitivity cardiac troponin-T. 1Tamoxifen vs. AI, 2tamoxifen vs. no endocrine therapy, 3AI vs. no endocrine therapy. Mann–Whitney
U-test for non-normal variables, Fischer’s exact test for categorical variables.



II) than in non users [0.40 (0.37-0.44) μM]. The difference
persisted and became significant at the end of radiotherapy
(p=0.044), with ADMA levels of 0.35 (0.31-0.38) μM in
tamoxifen users and 0.41 (0.37-0.45) μM in non users.

In patients receiving chemotherapy and RT, the median
ADMA levels were 0.39 (0.33-0.44) μM, 0.41 (0.31-0.47)
μM and 0.37 (0.32-0.42) μM at baseline, and before RT and
after RT, respectively (p=0.215). The median change in
ADMA was 0.02 (−0.02-0.05) μM during chemotherapy
(p=0.146) and −0.02 (−0.056-0.01) μM during radiotherapy
(p=0.076). Neither tamoxifen nor AI use significantly
affected levels of or changes in ADMA in chemotherapy-
receiving patients.

High-sensitivity cardiac troponin T. We reported
radiotherapy-induced changes in hscTnT in chemo-naïve
patients with left-sided breast cancer in a previous
publication (21). The current study population also included
patients with right-sided breast cancer and in this population,
hscTnT remained stable, 4 (4-6.75) ng/l before RT and 5 (4-
7.5) ng/l after RT (p=0.116). Endocrine therapy did not
affect baseline TnT or the change in hscTnT. 

In patients receiving chemotherapy, hscTnT increased
during chemotherapy from 4 (4-4) ng/l to 9 (7-14) ng/l and
continued to increase during RT up to 13 (9-16) ng/l.
Endocrine therapy did not affect the hscTnT level, which
was similar before chemotherapy, before RT and after RT in
tamoxifen and AI users alike. Regardless, during RT, the
increase in hscTnT from 13 (8.5-13) ng/l to 14 (8-27.5) ng/l
was not significant (p=0.750), whereas in AI users the
increase from 9 (7-10.5) ng/l to 12 (9-17) ng/l was
significant (p=0.006).

Echocardiographic measurements. The detailed echocardio-
graphic changes in the chemo-naïve study population have
been described in previous publications (33, 34). Table III
shows a previously unpublished comparison of the
echocardiographic changes according to endocrine therapy of
patients with measurable serum samples. At baseline, AI users
had lower septal cyclic variation of the integrated backscatter
(CVIBS) and higher septal integrated backscatter in end-
diastole calibrated to the pericardium (cIBS) than tamoxifen
users and those without endocrine therapy. The six patients
using tamoxifen had the only significant change in CVIBS
(p=0.046), whereas AI users had significant changes in
tricuspid annular plane systolic excursion (TAPSE), global
longitudinal strain in speckle tracking analysis (GLS) and
mitral inflow E-wave peak velocity in pulsed Doppler analysis
(mitral E) and those without endocrine therapy had significant
changes in CVIBS, cIBS, TAPSE, interventricular septum
thickness (IVS) and posterior wall (PW) (Table III).

Eleven patients with left-sided breast cancer receiving
chemotherapy had an echocardiographic examination
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Figure 2. Homoarginine (HA) levels in patients before and after
radiotherapy (RT). The HA level in all chemo-naïve patients remained
stable after RT (a). The HA level before RT was higher in tamoxifen
users (b) compared to aromatase inhibitor users and those without
endocrine therapy (c); while HA increased in tamoxifen users during
RT, it remained stable in non-tamoxifen users.



performed before chemotherapy, before RT and after RT.
During chemotherapy, there was a significant increase in
tricuspid regurgitation peak gradient (Tr grad) (n=10,
p=0.042) from 18.5 (13.3.-21.3) mm to 20.5 (19.0-22.5) mm,
an increase in left ventricular end-systolic diameter (LVESD)
(n=10, p=0.041) from 31.2 (27.8-32.7) mm to 33.0 (30.7-
33.5) mm, an increase in PW (n=10, p=0.032) from 9.0 (8.3-
9.6) mm to 9.6 (9.0-11.0) mm, and a decrease in CVIBS
(n=10, p=0.037) from 11.92 (9.03-14.30) dB to 9.73 (6.62-
11.40) dB. During RT, there were no significant changes in
echocardiography in these 11 patients. Although RT did not
significantly affect LVESD measurement, LVESD did not
return to the baseline level but remained significantly
increased at 32.7 (30.7-33.0) mm compared to baseline
measurements (p=0.041). Endocrine therapy did not affect
echocardiographic measurements in these patients. 

Discussion

Homoarginine mechanism. Homoarginine and ADMA are
thought to be involved in the early process of atherosclerosis
through their role in the regulation of nitric oxide (NO)
production. An imbalance in NO and reactive oxygen species
production, in turn, seems to lead to endothelial dysfunction,
which contributes to the early process of atherosclerosis.
Although the exact role of HA is unknown, it is assumed to
lead to an increase in NO production through its role as a
substrate of NO synthase and a substrate for arginase, which
leads to increased arginine availability for NO synthase to
produce NO (35). In animal models, tamoxifen caused NO-
mediated vasodilatation (36-39) and reversed vascular
dysfunction caused by ovariectomy (40). The NO-mediated

effects may be responsible for the proposed cardioprotective
effect of tamoxifen, attributed to its ability to lower low-
density lipoprorein (LDL) and total cholesterol, cytokine-
mediated anti-inflammatory effects and anti-oxidant
properties, protecting LDL cholesterol from harmful
oxidation (7).

It is also widely accepted that NO also plays a role in
cardiotoxicity caused by chemotherapy, especially
anthracyclines. Cardiotoxicity is partially mediated by
anthracycline coupling with endothelial NO synthase,
leading to formation of radical oxygen species (41). The
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Figure 3. Homoarginine (HA) behavior in three trajectory groups in chemo-naïve patients. All tamoxifen users were included in groups 1 or 2.

Figure 4. The homoarginine (HA) level decreased during chemotherapy
and increased during radiotherapy (RT) in the group treated with
chemotherapy (CT).



behavior of HA, supported by the echocardiographic findings
shown in our study may be a reflection of these NO related
events in the endothelium.

Homoarginine and adjuvant breast cancer treatments. Our
study demonstrates HA behavior during adjuvant treatments
of breast cancer. To our knowledge, there are no previous
studies evaluating the effect of cancer therapies on the HA
level. In chemotherapy-naïve patients, the HA level of
tamoxifen users increased significantly, whereas that of AI
users or those without endocrine therapy remained stable
during RT. The baseline HA level of tamoxifen users was
also higher than that of non users, most likely due to starting
endocrine therapy prior to RT. A telephone query confirmed
that most patients had started tamoxifen prior to RT. The
trajectory model also supports the finding that tamoxifen
increases the HA level; all tamoxifen users were in the two
groups with the highest HA levels. 

The HA levels in chemo-naïve statin users increased
significantly, albeit slightly, during RT, whereas there was no
significant change in HA in patients without statin use. Statin
use was reported to have no effect on HA level (14) and its
usefulness as a predictor of cardiovascular and all-cause
mortality (11). As there were only 17 statin users, our findings
could be due to chance, but the possible effects of statin use
on HA level warrant further investigation as statins may have
a role as cardioprotectant during chemotherapy (42).

Adjuvant chemotherapy also affected the HA level. As
expected, due to adjuvant chemotherapy indications, patients
who received chemotherapy were younger and more likely to
receive tamoxifen or AI. During adjuvant RT, following
chemotherapy, the HA level increased but did not reach
starting levels in AI users, whereas in tamoxifen users, the HA
level returned to that at baseline, indicating a cardioprotective
effect of tamoxifen. The effect of statin use on HA level in
chemotherapy-receiving patients was not determined, as there
was only one statin-user receiving chemotherapy. 

Other biomarkers. The level of ADMA did not change
during adjuvant therapy. The ADMA level of patients
receiving chemotherapy was lower than that of chemo-naïve
patients, as ADMA tends to increase with age (43) and
patients treated with chemotherapy were younger than
chemo-naïve patients. ADMA appears to be insufficiently
sensitive for detecting cardiovascular risk in our patients.

Earlier, we reported that RT induced an increase of
hscTnT in chemo-naïve patients with left-sided breast cancer
that was associated with cardiac radiation dose (21). In
patients with chemotherapy, hscTnT increased during both
chemotherapy and RT significantly. Some evidence of the
possible cardioprotective effect of tamoxifen was also seen
in hscTnT behavior, as during RT, further increase of hscTnT
was only significant in AI users, not in tamoxifen users. 
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Changes in echocardiographic measurements. RT-induced
changes in echocardiographic measurements of our chemo-
naïve patient population have been published previously (17,
21, 33, 34, 44). However, in this study, we reported the
differences in echocardiographic changes in chemo-naïve
patients according to endocrine therapy. The differences in
baseline echocardiographic parameters according to
endocrine therapy use are attributable to starting endocrine
therapy before starting RT. 

Patients using tamoxifen were spared most of the RT-
induced changes. Only CVIBS, a sensitive marker of left
ventricular systolic function, showed a significant decline
with RT. 

In AI users, there was a decline in TAPSE, a measurement
of right ventricular systolic function, and GLS, a
measurement of left ventricular myocardial performance,
both prognostic markers in various heart diseases (25, 45-
47). In addition, a decline in mitral E wave implies that
diastology was also affected. 

Patients without endocrine therapy exhibited structural
changes in addition to functional changes, as the left
ventricular wall thickened and its reflectivity increased after
RT. As in our previous work, these changes might represent
RT-induced tissue swelling as a result of early inflammatory
changes (17, 24, 33, 34, 44). The functional changes were
visible in ventricular function, namely, in TAPSE and CVIBS. 

The changes during RT in echocardiographic parameters
in chemo-naïve patients were similar to those we described
previously (17, 24, 33, 34, 44). This study only included
patients with measurable HA. Earlier, we reported a decrease
in CVIBS induced by AI (24), but the study included patients
excluded here due to missing serum samples. Furthermore,
the laterality of breast cancer was not taken into
consideration in our study. These facts might explain the
different findings.

The echocardiographic findings of patients with
chemotherapy in this population have not been previously
published. Structural changes, namely, thickening of the
ventricular wall, were seen during chemotherapy, as LVESD
and PW increased. Functional changes were limited to a
decline in the left ventricular systolic marker, CVIBS. A
significant increase in Trgrad was also measured, but this
cannot be considered clinically meaningful. RT, which was
received after chemotherapy, did not induce any additional
changes in echocardiography in these patients, but
chemotherapy-induced thickening of LVESD persisted even
after RT. Due to the small population that had both HA and
echocardiographic measurements, we were not able to
determine correlations between HA level and echocardio-
graphic measurements. 
Confounding factors and limitations. The small study
population is a major limitation of our study, especially the
small chemotherapy and tamoxifen-user groups. Therefore,

we were not able to determine the effect of laterality of
breast cancer on HA values, although the location of
myocardial changes due to RT is dependent on the irradiated
side. In the chemo-naïve patient population, tamoxifen and
AI users had a higher BMI than patients who did not use
endocrine therapy. A higher BMI has been associated with a
higher HA level (9, 11, 12), which could have influenced our
results. The concurrent use of endocrine therapy and RT
leads to inability to separate the effects of these different
treatments on echocardiographic parameters and biomarker
measurements. Finally, the cardiovascular complications of
adjuvant breast cancer treatments take years to manifest and
therefore larger studies, with longer follow-up, are needed to
confirm our results. 

Clinical implications. Due to the excellent results of early
breast cancer treatments, it is important to identify the
patients at risk for cardiovascular morbidity and mortality.
HA studies with longer follow-up could further elucidate the
mechanisms behind chemotherapy-induced cardiotoxicity
and the assumed cardioprotective effect of tamoxifen and
provide an additional, available and minimally invasive tool
to identify patients in need of cardiological follow-up. 
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Abstract

Background: Radiation-induced heart disease is mainly caused by activation of the fibrotic process. Transforming
growth factor-beta 1 (TGF-β1) and platelet-derived growth factor (PDGF) are pro-fibrotic mediators. The aim of our
study was to evaluate the behavior of TGF-β1 and PDGF during adjuvant radiotherapy (RT) for breast cancer and
the association of these cytokines with echocardiographic changes.

Methods: Our study included 73 women with early-stage breast cancer or ductal carcinoma in situ (DCIS) receiving
post-operative RT but not chemotherapy. TGF-β1 and PDGF levels in serum samples taken before and on the last
day of RT were measured by an enzyme-linked immunosorbent assay. Echocardiography was also performed at
same time points. Patients were grouped according to a ≥ 15% worsening in tricuspid annular plane systolic
excursion (TAPSE) and pericardium calibrated integrated backscatter (cIBS).

Results: In all patients, the median TGF-β1 decreased from 25.0 (IQR 21.1–30.3) ng/ml to 23.6 (IQR 19.6–26.8) ng/ml
(p = 0.003), and the median PDGF decreased from 18.0 (IQR 13.7–22.7) ng/ml to 15.6 (IQR 12.7–19.5) ng/ml (p < 0.001).
The baseline TGF-β1, 30.7 (IQR 26.0–35.9) ng/l vs. 23.4 (IQR 20.1–27.3) ng/l (p < 0.001), and PDGF, 21.5. (IQR 15.7–31.2)
ng/l vs. 16.9. (IQR 13.0–21.2) ng/ml, were higher in patients with a≥ 15% decrease in TAPSE than in patients with a < 15%
decrease. In patients with a≥ 15% decrease in TAPSE, the median TGF-β1 decreased to 24.7 (IQR 20.0–29.8) ng/ml (p < 0.
001), and the median PDGF decreased to 16.7 (IQR 12.9–20.9) ng/ml (p < 0.001). The patients with a < 15% decrease had
stable TGF-β1 (p = 0.104), but PDGF decreased to 15.1 (IQR 12.5–18.6), p= 0.005. The patients with a≥ 15% increase in
cIBS exhibited a decrease in TGF-β1 from 26.0 (IQR 21.7–29.7) to 22.5 (IQR 16.6.-26.7) ng/ml, p < 0.001, and a decrease in
PDGF from 19.8 (IQR 14.6–25.9) to 15.7 (IQR 12.8–20.2) ng/ml, p < 0.001. In patients with a < 15% increase, TGF-β1 and
PDGF did not change significantly, p = 0.149 and p = 0.053, respectively.

Conclusion: We observed a decrease in TGF-β1 and PDGF levels during adjuvant RT for breast cancer. Echocardiographic
changes, namely, in TAPSE and cIBS, were associated with a greater decrease in TGF-β1 and PDGF levels. Longer follow-
up times will show whether these changes observed during RT translate into increased cardiovascular morbidity.

Keywords: Cardiotoxicity, Breast cancer, Radiotherapy, Transforming growth factor beta-1, Platelet-derived growth factor,
Echocardiography
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Background
Late adverse effects of radiotherapy (RT), including
radiation-induced heart disease, are mostly caused by
fibrotic processes and take years to manifest [1]. Al-
though the relationship between fibrosis and early in-
flammatory responses to microvascular damage caused
by radiation is still unclear, it has been shown that
pro-fibrotic mediators, including the fibroblast activating
cytokines transforming growth factor-beta 1 (TGF-β1)
and platelet derived growth factor (PDGF), are released
by inflammatory, endothelial and epithelial cells [2].
Increased expression of TGF-β1 and PDGF in response
to irradiation has been reported in animal and in vitro
studies [3], but evidence describing the behavior of cir-
culating TGF-β1 and PDGF in humans is varying [4–6].
High plasma or serum levels of TGF-β1 before RT

have been associated with fibrosis of the breast [4, 5].
Regardless of whether patients received intra-operative
RT or not, TGF-β1 concentrations in wound fluid were
similar 24 h after surgery [7]. The relationship between
TGF-β1 and RT has been most extensively studied in
lung cancer patients. A meta-analysis concluded that the
risk of radiation pneumonitis was increased in lung can-
cer patients receiving RT with a post-RT/pre-RT TGF-
β1 ratio ≥ 1 [6]. TGF-β1 expression is also induced after
a myocardial infarction (MI), but the exact role of
TGF-β1 in MI remains elusive [3].
Increased PDGF levels are linked to the development

of fibrosis, and PDGF also acts as a pro-angiogenic me-
diator [8]. In one study, serum PDGF levels declined
after RT of non-Hodgkin lymphoma with varying target
sites [9], and in another study, serum PDGF levels did
not change after chemotherapy and mediastinal RT for
Hodgkin’s lymphoma [10]. In animal studies, inhibition
of PDGF or both TGF-β1 and PDGF during RT attenu-
ated the development of pulmonary fibrosis [11, 12]. To
our knowledge, PDGF has not been previously studied
in relation to breast cancer RT.
The aim of our study was to evaluate the behavior of

serum TGF-β1 and PDGF during adjuvant RT for early
breast cancer and to find associations with changes in
echocardiographic parameters.

Materials and methods
Patients
This observational, prospective, single-center study in-
cluded 73 women with early stage breast cancer or
ductal carcinoma in situ (DCIS). All patients received
postoperative RT after breast conserving surgery (n = 72)
or mastectomy (n = 1), but did not receive chemother-
apy. The patient characteristics of the study population
are shown in Table 1. The inclusion and exclusion cri-
teria have been previously described [13]. The Tampere
University hospital ethics committee approved the

study (R10160), and informed consent was obtained
from all participants.

Radiotherapy
The RT protocol has been previously described in detail
[14]. Patients received either 50 Gy in 2 Gy fractions or
42.56 Gy in 2.66 Gy fractions. The planning target
volume (PTV) was the remaining breast with margins
for patients with breast conserving surgery and the chest
wall with margins for the post-mastectomy patient. Two
patients had positive axillary nodes, and the PTV in-
cluded axillary and supraclavicular areas.

Serum biomarker analysis
Serum samples were drawn before RT and on the last
day of RT, and they were stored at − 80 °C until analysis.
TGF-β1 and PDGF-AB concentrations were determined
with an enzyme-linked immunosorbent assay using the
reagents from R&D Systems Europe Ltd. (Abingdon,
UK). The detection limit and the inter-assay coefficient
of variation were 7.8 pg/ml and 5.4% for TGF-b1 and
3.9 pg/ml and 4.6% for PDGF-AB, respectively.

Echocardiographic examination
Echocardiographic examinations were performed by a
single cardiologist (ST) before and at the end of RT. A
commercially available ultrasound machine (Philips
iE33 ultrasound system; Philips, Bothell, WA, USA)
and a 1–5 MHz matrix-array X5–1 transducer were
used to perform the examination, as previously de-
scribed [13], in a standardized manner following
current guidelines [15–18]. The patients were divided

Table 1 Patient characteristics (n = 73)

Age, Md (IQR; range) 64 (58–66; 49–79)

BMI, Md (IQR; range) 26.3 (24.2–29.9; 20–41), n = 69

Left-sided BC, n (%) 50 (68.5)

AI use, n (%) 26 (35.6)

Tamoxifen use, n (%) 6 (8.2)

ACE or ARB use, n (%) 22 (30.1)

ASA use, n (%) 8 (11.0)

Beta-blocker use, n (%) 12 (16.4)

Statin use, n (%) 15 (20.5)

CAD, n (%) 3 (4.1)

Diabetes, n (%) 6 (8.2), n = 69

Hypertension, n (%) 30 (41.1)

Hypothyroidism, n (%) 12 (16.4)

Smoking, n (%) 8 (11)

Md median, IQR interquartile range, BMI body mass index, BC breast cancer,
AI aromatase inhibitor, ACE angiotensin converting enzyme inhibitor, ARB
angiotensin II receptor blocker, ASA low dose acetylsalicylic acid, CAD coronary
artery disease, Diabetes use of diabetes medication
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into two groups, one with a ≥ 15% decline and the
other with a < 15% decline in tricuspid annular plane
systolic excursion (TAPSE), as we earlier reported
marked changes in these two parameters [13, 19]. The
decline was chosen to represent an approximately
4-mm decrease in TAPSE, which can be considered a
clinically meaningful change as in patients with pul-
monary hypertension with every 1-mm decrease in
TAPSE, risk of death was increased by 17% [20]. Also,
in our earlier study the significant average reduction
of TAPSE was 2.1 ± 3.2 mm and TAPSE decreased by
4 mm in 39% of patients [19]. Similarly, a ≥ 15% in-
crease and a < 15% increase in the pericardium cali-
brated integrated backscatter (cIBS) were used to
categorize patients into two groups. As the magnitude
of a clinically meaningful change is not known for
cIBS, a 15% cutoff was used to keep the change similar
to the change in TAPSE.

Statistical analysis
As the distribution of all continuous variables was
skewed, medians and interquartile ranges were calcu-
lated. The Wilcoxon signed-rank test was utilized to test
for changes in the biomarkers and the echocardiographic
parameters from before to after RT. To test the linear
relationships among the biomarkers, Spearman’s correl-
ation was used. The patients were divided into two
groups for further analysis according to a 15% change in
TAPSE or cIBS as described above. To test for differ-
ences in patient characteristics, biomarker levels and ra-
diation doses between the described groups, Fisher’s
exact test for categorical variables, and the Mann–Whit-
ney U-test for continuous variables were used. Multivari-
able logistic regression was used to test the change in
TGF-β1 or PDGF and the change in TAPSE and cIBS
using age, use of hypertension medication and mean
heart dose as predictors. IBM SPSS statistics for Win-
dows (version 23, IBM Corp., Armonk, NY, USA) was
used for all statistical analysis. P-values less than 0.05
were considered statistically significant.

Results
TGF-β1 and PDGF
The TGF-β1 and PDGF levels of all 73 patients were
measured before and after RT. In these patients, the me-
dian (Interquartile Range; IQR) TGF-β1 levels decreased
from 25.0 (IQR 21.1–30.3) ng/ml before RT to 23.6 (IQR
19.6–26.8) ng/ml after RT, p = 0.003 (Fig. 1). Similarly,
the median PDGF levels decreased from 18.0 (IQR 13.7–
22.7) ng/ml before RT to 15.6 (IQR 12.7–19.5) ng/ml
after RT, p < 0.001 (Fig. 1). TGF-β1 and PDGF exhibited
a strong correlation before RT (Spearman’s rho = 0.802)
and after RT (rho = 0.817). The change in TGF-β1 also
correlated with the change in PDGF (rho = 0.817) (Fig. 2).
There was no significant correlation between change in
TGF-β1 or PDGF and the time from surgery to RT
(Additional file 1: Table S1) or radiation doses to the
heart (Additional file 2: Table S2). Median time from
surgery to start of RT was 56.0 (IQR 49.0–64.5) days.

Transforming growth factor-beta 1, platelet-derived
growth factor and cardiac function
TGF-β1 and PDGF levels and changes in TAPSE
Sixty-six of the 73 (90%) patients had echocardiography
completed before and after RT. TAPSE declined by
≥15% in 20 patients and by < 15% in 46 patients. In the
20 patients with a ≥ 15% TAPSE decline, TAPSE was
25.0 (IQR 23.3–30.0) mm before RT and 20.5 (IQR
18.0–23.0) mm after RT, p < 0.001. However, in the 46
patients with a < 15% decline, the median TAPSE was
stable with 22.5 (IQR 20.0–26.0) mm and 22.0 (IQR
19.0–25.3) mm (p = 0.298) before and after RT, respect-
ively. The baseline TAPSE was significantly higher in the
group with a ≥ 15% TAPSE decline than in the group
with a < 15% decline, p = 0.021. The groups were similar
in body mass index (BMI), age, smoking status, propor-
tion of left-sided breast cancer, coronary artery disease,
hypertension, and use of aromatase inhibitors (AI), tam-
oxifen, acetylsalicylic acid (ASA), statins, levothyroxine,
diabetes medication, angiotensin converting enzyme

Fig. 1 TGF-β1 and PDGF levels decreased significantly during RT, p = 0.003 and p < 0.001, respectively
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(ACE) inhibitors or angiotensin reseptor blockers (ARB)
and β-blockers (Additional file 3: Table S3).
In the patients with a ≥ 15% decline in TAPSE, the me-

dian TGF-β1 level decreased from 30.7 (IQR 26.0–35.9)
ng/ml before RT to 24.7 (IQR 20.0–29.8) ng/ml after RT,
p < 0.001 (Fig. 3). TGF-β1 remained stable in patients with
a < 15% decline in TAPSE, with a median TGF-β1 of 23.4
(IQR 20.1–27.3) ng/ml before RT and 22.6 (IQR 19.0–
25.6) ng/ml after RT, p = 0.104. The baseline TGF-β1 level
was also significantly higher, p < 0.001, in those with a ≥
15% TAPSE decline than in those without. There was no
correlation between change in TGF-β1 and the change in
TAPSE (Additional file 4: Table S4). In a multivariable lo-
gistic regression analysis the change in TGF-β1 remained
significant, OR 0.85 (95% CI 0.75–0.96) when age, hyper-
tension and mean heart dose were included in the model
to test variables associated with ≥15% and < 15% decline
in TAPSE (Additional file 5: Table S5).

PDGF levels decreased significantly in both groups. In
patients with a ≥ 15% decline in TAPSE, PDGF levels
decreased from a median of 21.5 (IQR 15.7–31.2) ng/ml
before RT to a median of 16.7 (IQR 12.9–20.9) ng/ml after
RT, p < 0.001. In patients with a < 15% decline, PDGF
levels decreased from a median of 16.9 (IQR 13.0–21.2)
ng/ml before RT to a median of 15.1 (IQR 12.5–18.6) ng/
ml after RT, p = 0.005 (Fig. 3). In addition, the baseline
PDGF level was significantly higher, p = 0.020, in patients
with a ≥ 15% decline than in those with a < 15% decline.
The change in PDGF did not correlate with the change in
TAPSE (Additional file 4: Table S4). In a multivariable lo-
gistic regression analysis the change in PDGF remained
significant, OR 0.85 (95% CI 0.75–0.97) when age, hyper-
tension and mean heart dose were included in the model
(Additional file 6: Table S6).There was no difference in ra-
diation doses to the heart between the groups with ≥15%
or < 15% decline in TAPSE (Table 2).
Fifty patients had left-sided breast cancer. TGF-β1 and

PDGF behavior was similar in the left-sided patients as
described above for the whole group. During RT,
TGF-β1 levels decreased from 24.1 (IQR 20.9–29.8) ng/
ml to 23.4 (IQR 19.4–26.9) ng/ml, p = 0.025, and PDGF
levels decreased from 17.6 (IQR 13.4–22.8) ng/ml to
15.3 (IQR 12.7–19.8) ng/ml, p = 0.001. When the pa-
tients with left-sided breast cancer were grouped ac-
cording to the ≥15% or < 15% decline in TAPSE, the
mean radiation dose to the heart was higher in the
group with a ≥ 15% decline than in those with a <
15% decline, with 3.9 (IQR 3.2–4.3) Gy and 2.2 (IQR
1.6–3.7) Gy received, respectively, p = 0.024. Simi-
larly, the mean doses to the left descending coronary
artery (LAD), 1.1 (IQR 0.4–1.5) Gy vs. 0.7 (IQR 0.4–
0.9) Gy (p = 0.006), and the left ventricle, 7.0 (IQR
4.2–8.0) Gy vs. 3.8 (IQR 2.1–5.6) Gy (p = 0.005),
were significantly higher in the ≥15% group com-
pared to the < 15% group.

Fig. 2 Correlation of the changes in TGF-β1 and PDGF levels during
RT (Spearman’s rho = 0.817)

Fig. 3 Baseline TGF-β1 and PDGF levels were higher, p < 0.001 and p = 0.020, respectively, and both decreased significantly, p < 0.001, in patients
with a ≥ 15% decrease in TAPSE compared with patients with a < 15% decrease in TAPSE. TGF-β1 levels were stable, but PDGF levels decreased
significantly, p = 0.005, in patients with a < 15% decrease in TAPSE
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TGF-β1, PDGF and change in cIBS
Sixty-four of the 73 (88%) patients had cIBS measured
by echocardiography. Twenty-nine patients had a ≥
15% increase in cIBS, from a median of − 19.8 (IQR
-22.6- -16.6) dB before RT to a median of − 13.3 (IQR
-15.3- -9.5) dB after RT, p < 0.001. The group of 35 pa-
tients with a < 15% increase in cIBS had a significant
decrease in cIBS from − 17.1 (IQR -21.5- -14.6) dB
before RT to − 18.3 (IQR -24.0- -16.7) dB after RT,
p = 0.033. The baseline cIBS values between the
groups did not differ significantly, p = 0.257. Further-
more, the groups had similar baseline characteristics
(Additional file 7: Table S7). There was a tendency
for patients with a ≥ 15% increase to be older than
those with a < 15% increase, 65 (IQR 59.5–69) years
old and 62 (IQR 58–66) years old, respectively (p =
0.079). Additionally, smokers tended to more likely
have a < 15% increase in cIBS (p = 0.063).

In patients with a ≥ 15% increase in cIBS, the median
TGF-β1 level decreased significantly from 26.0 (IQR
21.7–29.7) ng/ml before RT to 22.5 (16.6–26.7) ng/ml
after RT (p < 0.001) (Fig. 4). TGF-β1 remained stable in
patients with a < 15% increase in cIBS, with a median
TGF-β1 level of 24.0 (IQR 20.7–31.4) ng/ml and 24.1
(IQR 21.1–22.5) ng/ml before and after RT, respectively
(p = 0.149). The baseline TGF-β1 levels were similar in
both groups, p = 0.518. There was no correlation be-
tween the change in TGF-β1and the change in cIBS
(Additional file 4: Table S4). In a multivariable logistic
regression analysis the change in TGF-β1 remained bor-
derline significant, OR 0.91 (95% CI 0.82–1.00) when
age, hypertension and mean heart dose were included in
the model (Additional file 5: Table S5).
In addition to declining TGFβ-1 levels, a significant

decrease in PDGF levels was observed from 19.8 (IQR
14.6–25.9) ng/ml before RT to 15.7 (IQR 12.8–20.2) ng/

Table 2 Radiation doses according to TAPSE decline

≥15% decrease in TAPSE (n = 20) < 15% decrease in TAPSE (n = 46)

Md (IQR) Md (IQR) p

Heart

Dmean (Gy) 3.39 (0.8–4.2) 1.8 (0.8–3.5) 0.343

Dmax (Gy) 46.1 (5.3–49.0) 45.9 (11.8–47.5) 0.676

V45 (%) 0.2 (0–1.3) 0.1 (0–0.7) 0.630

V20 (%) 4.3 (0–5.2) 1.4 (0–4.8) 0.330

LAD

Dmean (Gy) 23.7 (0.3–28.5) 10.3 (2.3–23.5) 0.414

Dmax (Gy) 44.1(0.7–48.1) 40.8 (5.0–46.1) 0.460

V45 (%) 0(0–5.2) 0(0–7.3) 0.663

V20 (%) 43.6 (0–67.6) 19.7(0–54.9) 0.193

Left ventricle

Dmean (Gy) 4.6 (0.2–7.2) 2.7 (1.2–5.5) 0.273

Dmax (Gy) 44.6 (0.8–47.6) 44.1 (5.0–46.7) 0.691

V45 (%) 0.1 (0–2.0) 0 (0–0.4) 0.360

V20 (%) 6.0 (0–11.7) 1.7 (0–7.8) 0.192

V10 (%) 8.8 (0–15.1) 3.4 (0–11.0) 0.150

Right ventricle

Dmean (Gy) 2.0 (0.8–7.2) 1.6 (0.9–2.9) 0.692

Dmax (Gy) 27.6 (3.1–43.4) 21.3 (3.3–42.8) 0.988

V45 (%) 0 (0–0) 0 (0–0) 0.925

V20 (%) 0.1 (0–1.3) 0 (0–1.3) 0.848

V10 (%) 0.7 (0–3.6) 0.1 (0–3.8) 0.714

Ipsilateral lung

Dmean (Gy) 8.1 (6.4–9.1) 7.7 (6.2–9.0) 0.484

Dmax (Gy) 49.2 (46.2–52.7) 48.5 (47.1–51.6) 0.994

Md median, IQR interquartile range, Dmean mean radiation dose to the structure, Dmax maximum radiation dose within the structure, V45 percentage of the
structure volume receiving 45 Gy of radiation, V20 percentage of the structure volume receiving 20 Gy of radiation, V10 percentage of the structure volume
receiving 10 Gy of radiation, LAD left anterior descending coronary artery
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ml after RT, p < 0.001, in patients with a ≥ 15% increase
in cIBS. There was no significant change in PDGF levels
in patients with a < 15% increase in cIBS, with a median
PDGF of 16.6 (IQR 11.7–22.6) before RT and 15.2 (IQR
12.6–19.8) after RT, p = 0.053. The baseline PDGF level
tended to be higher in those with a ≥ 15% increase than
in those with a < 15% increase in cIBS, p = 0.050. The
change in PDGF did not correlate with the change in
cIBS (Additional file 4: Table S4). In a multivariable lo-
gistic regression analysis change in PDGF remained sig-
nificant, OR 0.88 (95% CI 0.78–0.99), when age,
hypertension and mean heart dose were included in the
model (Additional file 6: Table S6).
The radiation doses, especially those to the left side of

the heart and to the ipsilateral lung, were higher in those
with a ≥ 15% increase in cIBS than those with a < 15% in-
crease in cIBS. Table 3 presents a detailed depiction of
the radiation doses.

Discussion
In this study, we demonstrated the behavior of serum
TGF-β1 and PDGF during adjuvant RT for breast cancer.
A small decline was observed in all patients, but the de-
cline was most pronounced in patients with worsening
cardiac function and structural changes observed in echo-
cardiography. We also found a strong correlation between
baseline TGF-β1 and PDGF levels and the change in
TGF-β1 and PDGF levels during RT. This correlation is
probably explained by the same origin of both cytokines,
which are produced by macrophages, although TGF-β1 is
additionally produced by endothelial and mesenchymal
cells [1, 2]. This result suggests that the behavior of both
cytokines depict the same phenomenon during adjuvant
RT for breast cancer. The time from surgery to RT did not
affect TGF-β1 and PDGF levels and change in these levels.
This is probably because the wound was healed by the
time RT started and the half-life of TGF-β1 and PDGF in
serum is short [21].

Transforming growth factor-beta 1 and cardiac function
It is generally accepted that TGF-β1 is a pro-fibrotic
cytokine that initiates fibrosis in response to RT [1, 2].
Additionally, it plays a role in cardiac remodeling after
myocardial infarction [3]. Earlier studies have shown
that an increase in TGF-β1 during RT for non-small cell
lung cancer is likely to be predictive for the development
of radiation pneumonitis [6]. However, some studies do
not confirm this finding, and in patients who do not de-
velop radiation pneumonitis, a decrease in TGF-β1 levels
is seen [22, 23]. In lung cancer, this decline is thought to
represent a decrease in production of TGF-β1 by tumor
cells. However, this explanation probably does not
explain the decline in TGF-β1 in our study since our pa-
tients underwent breast conserving surgery or mastec-
tomy and the likelihood of macroscopic tumor residual
is extremely small.
The dynamics of TGF-β1 during adjuvant RT for

breast cancer have not been previously reported; how-
ever, two studies found that an increased TGF-β1 level
before RT was predictive of fibrosis of the breast [4, 5].
Neither of these studies reported the behavior of
TGF-β1 during RT. In our patients with a 15% decline
in TAPSE, the baseline TGF-β1 level was higher than
that in patients without the decline, indicating an associ-
ation between high TGF-β1 levels and right ventricular
dysfunction induced by RT.
TGF-β1 also seems to be a marker of radiosensitivity. A

decrease in TGF-β1 levels during RT is associated with a
positive response to RT [24]. Additionally, in vitro experi-
ments suggest that blockade of TGF-β1 during RT for
non-small cell lung cancer and breast cancer increases ra-
diosensitivity [25, 26]. Therefore, increased TGF-β1 levels
seem to be a marker for both radioresistance and radio-
sensitivity, depending on the tissue in question. As the as-
sociation of TGF-β1 and echocardiographic has not been
studied during RT, we present a novel finding. Levels of
TGF-β1 decreased significantly in patients with a decline
in TAPSE and an increase in cIBS. TAPSE is in wide

Fig. 4 TGFβ-1 and PDGF levels decreased significantly in patients with a ≥ 15% increase in cIBS, p < 0.001 for both, but remain stable in patients
with a < 15% increase in cIBS
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clinical use as a reliable measurement of the right ven-
tricular function, and a decline in TAPSE correlates with
poor cardiac prognosis in many patient groups [17, 20].
Myocardial reflectivity can be determined with off-line
analysis of the echocardiography acquisition (cIBS). Even
though the exact basis for the changes in cIBS are not
completely understood, an increase in cIBS presents
changes in three-dimensional myocardial structure due to
factors such as tissue edema or interstitial fibrosis [27].
In studies of cardiac function after an experimental myo-

cardial infarction in mice, blockade of TGF-β1 by an anti-
body increased mortality and left ventricular dilatation [28].
Another study concluded that early inhibition of TGFβ-1
was detrimental and that later inhibition was beneficial to
the cardiac function of mice after an MI, which indicates
that the role of TGFβ-1 may be different in various phases
of the healing process [29]. In obese, hypertensive patients,
an abundance of circulating TGF-β1 is associated with left

ventricular filling abnormalities [30]. As concluded by a re-
view conducted by Bujak, the role of TGF-β1 after an MI
remains elusive [3].

Platelet-derived growth factor and cardiac function
PDGF consists of two linked chains, designated A, B, C
or D. It can be assembled as a hetero- or homodimer
[8]. We measured the heterodimer PDGF-AB and found
that RT induced a decrease in PDGF that was associated
with a decrease in TAPSE and an increase in cIBS. The
role of PDGF in long-term adverse effects of RT is not
as extensively studied as is the role of TGFβ-1. During
RT, PDGF levels were decreased in non-Hodgkin lymph-
oma patients with varying RT sites, some with preceding
chemotherapy and some without [9]. In patients receiv-
ing chemotherapy and RT, PDGF and TGF-β1 levels
remained unchanged [10]. Because the sites of RT varied,
some patients had intact tumors and some patients had

Table 3 Radiation doses according to the change in cIBS

Structure ≥15% increase in cIBS (n = 29) < 15% increase in cIBS (n = 35)

Md (IQR) Md (IQR) p

Heart

Dmean (Gy) 3.4 (1.1–4.2) 1.6 (0.8–2.7) 0.011

Dmax (Gy) 47.2 (15.0–48.8) 44.5 (6.4–47.1) 0.068

V45 (%) 0.5 (0–1.7) 0 (0–0.4) 0.025

V20 (%) 4.4 (0–6.2) 1.1 (0–2.4) 0.005

LAD

Dmean (Gy) 22.9 (2.3–27.3) 7.3 (0.4–18.0) 0.042

Dmax (Gy) 45.9 (5.3–46.8) 36.3 (0.6–45.3) 0.040

V45 (%) 0.4 (0–13.9) 0 (0–0.3) 0.008

V20 (%) 42.7 (0–68.7) 8.9 (0–38.4) 0.041

Left ventricle

Dmean (Gy) 4.9 (1.2–7.0) 2.3 (0.2–3.8) 0.023

Dmax (Gy) 45.8 (9.0–47.8) 41.7 (0.7–45.9) 0.080

V45 (%) 0.1 (0–2.9) 0 (0–0.2) 0.006

V20 (%) 6.7 (0–10.4) 1.3 (0–4.7) 0.021

V10 (%) 9.0 (0–15.0) 3.0 (0–6.5) 0.006

Right ventricle (n = 49)

Dmean (Gy) 2.4 (1.1–3.1) 1.5 (0.9–2.3) 0.074

Dmax (Gy) 29.6 (3.6–44.0) 8.1 (3.0–39.3) 0.189

V45 (%) 0 (0–0) 0 (0–0) 0.150

V20 (%) 0.1 (0–2.7) 0 (0–0.4) 0.053

V10 (%) 0.9 (0–6.5) 0 (0–1.4) 0.019

Lung

Dmean (Gy) 8.2 (7.6–9.6) 6.8 (5.5–8.2) 0.001

Dmax (Gy) 50.1 (47.9–56.7) 47.5 (46.4–49.7) 0.009

Md median, IQR interquartile range, Dmean mean radiation dose to the structure, Dmax maximum radiation dose within the structure, V45 percentage of the
structure volume receiving 45 Gy of radiation, V20 percentage of the structure volume receiving 20 Gy of radiation, V10 percentage of the structure volume
receiving 10 Gy of radiation, LAD left anterior descending coronary artery
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chemotherapy that also may influence cytokine levels,
indicating that the studies were quite different from our
study.
The effect of PDGF has also been studied through in-

hibition of the PDGF receptor. In mice, treatment with a
PDGF receptor tyrosine kinase inhibitor, imatinib, atten-
uated the development of lung and skin fibrosis [11, 31].
The function of PDGF in cardiac tissue remains elusive,
as blockade of PDGF receptor improved cardiac function
[32], but injection of exogenous PDGF-AB or PDGF-BB
improved heart function after an MI [33–35].

Echocardiographic changes associate with radiation doses
In our earlier study, we reported changes in TAPSE dur-
ing RT of left-sided breast cancer patients but found no
association with radiation doses [19]. In this study, only
patients with available serum samples were included.
We found that patients with left-sided breast cancer that
had a ≥ 15% decline in TAPSE had higher radiation doses
to the whole heart, the left ventricle and the LAD than
those with a < 15% decline in TAPSE. There were even
more differences in the radiation doses to the whole
heart or parts of the heart when patients were grouped
according to ≥15% and < 15% increases in cIBS. An in-
crease in cIBS represents an increase in the reflectivity
of the cardiac tissue, probably due to structural changes
caused by RT-induced inflammation. TAPSE is a param-
eter depicting longitudinal function of the right ven-
tricle. Its decrease may portray inflammatory changes
because the thinness of the right ventricle makes it more
sensitive to RT-induced changes [19].

Study limitations
The limitations to our study are that the population is
rather small and the follow-up time is very short, as we
only studied the changes that occurred during adjuvant
RT. At this stage, we do not know if the echocardio-
graphic changes are permanent or if they are associated
with the development of fibrosis, which is thought to be
responsible for the increased risk of cardiac morbidity
after irradiation of the heart [36]. Thus, longer follow-up
times are needed to determine whether the behavior of
TGF-β1 and PDGF during adjuvant RT depict perman-
ent damage to the heart.

Conclusion
In this study, we demonstrated that RT induces a
decrease in TGF-β1 and PDGF levels in accordance with
worsening cardiac function and structural changes,
namely, a decrease in TAPSE and an increase in cIBS.
Additionally, higher baseline TGF-β1 and PDGF levels
were associated with a decrease in TAPSE, possibly
indicating a higher susceptibility to RT-induced cardiac
changes. Decreases in TGF-β1 and PDGF levels and the

association of these cytokines with echocardiographic
changes could depict increased sensitivity of the heart to
the effects of radiation. These novel findings are prelim-
inary and need to be confirmed by more studies and
longer follow-up, as serum biomarkers are an attractive,
minimally invasive and easily available option to identify
RT patients in need of closer cardiological follow-up.
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Additional file 1: Table S1  Spearman’s correlation coefficients 

 Days from 
surgery to 
RT 

TFG-β1 
before RT 

TFG-β1 
after RT 

change in 
TFG-β1 

PDGF 
before RT 

PDGF 
after RT 

change 
in PDGF 

Days from 
surgery to RT 

1.000       

TFG-β1 before RT 0.012 1.000      

TFG-β1 after RT –0.264 0.400 1.000     

change in TFG-β1 –0.159 –0.592 0.409 1.000    

PDGF before RT 0.026 0.802 0.304 –0.453 1.000   

PDGF after RT –0.160 0.378 0.758 0.278 0.589 1.000  

change in PDGF –0.148 –0.555 0.329 0.817 –0.614 0.173 1.000 

RT radiotherapy, TFGβ transforming growth factor, PDGF platelet derived growth factor 

  



Additional file 2: Table S2 Spearman’s correlation coefficient between changes in TFG-β1 and PDGF and 

radiation doses 

 change in TFGβ change in PDGF 

Heart   

 Dmean (Gy) –0.131 –0.132 

 Dmax (Gy) –0.102 –0.151 

 V45 (%) –0.171 –0.213 

 V20 (%) –0.187 –0.189 

LAD   

 Dmean (Gy) –0.135 –0.119 

 Dmax (Gy) –0.125 –0.154 

 V45 (%) –0.189 –0.250 

 V20 (%) –0.154 –0.126 

Left ventricle   

 Dmean (Gy) –0.129 –0.133 

 Dmax (Gy) –0.058 –0.104 

 V45 (%) –0.148 –0.214 

 V20 (%) –0.147 –0.139 

 V10 (%) –0.186 –0.183 

Right ventricle    

 Dmean (Gy) –0.119 –0.127 

  Dmax (Gy) –0.124 –0.114 

 V45 (%) –0.205 –0.249 

 V20 (%) –0.175 –0.232 

 V10 (%) –0.152 –0.170 

Ipsilateral lung   

 Dmean (Gy) –0.166 –0.093 

 Dmax (Gy) –0.061 –0.085 

Dmean, mean radiation dose to the structure; Dmax, maximum radiation dose within the structure; V45 

percentage of the structure volume receiving 45 Gy of radiation; V20, percentage of the structure 

volume receiving 20 Gy of radiation; V10, percentage of the structure volume receiving 10 Gy of 

radiation; LAD, left anterior descending coronary artery 

 



Additional file 3: Table S3 Baseline characteristic according to change in TAPSE 

 ≥15% decrease in TAPSE <15% decrease in TAPSE p-value 

BMI (IQR), kg/m² 26.2 (24.5-30.3) 26.0  (24.1-29.3) 0.375 

Age (IQR) 62  (57-66) 64  (58-67) 0.459 

Current smoker (%), n 4 (20.0) 4 (8.7) 0.232 

Left-sided bc (%), n 14 (70.0) 36 (78.3) 0.538 

CAD 2  (10.0) 1 (2.2) 0.216 

Hypertension (%), n 8  (40.0) 20 (43.5) 1.000 

ASA use (%), n 2 (10.0) 5 (10.9) 1.000 

Statin use (%), n 3 (15.0) 11 (23.9) 0.524 

Hypothyreosis (%), n 3 (15.0) 8 (17.4) 1.000 

Diabetes (%), n 2 (10.0) 4 (9.5) 1.000 

Beta-blocker use (%), n 3 (15.0.) 8 (17.4) 1.000 

ACE or ARB use (%), n 5 (25.0) 15 (32.6) 0.771 

AI (%), n 7 (35.0) 17 (37.0) 1.000 

Tamoxifen (%), n 2 (10.0) 3 (6.5) 0.635 

TAPSE, tricuspid annular plane systolic excursion; BMI, body mass index; bc, breast cancer; 

Hypertension, use of hypertension medication; ASA, low dose acetylsalicylic acid; Diabetes, use of 

diabetes medication; ACE angiotensin converting enzyme inhibitor; ARB, angiotensin II receptor blocker; 

AI aromatase inhibitor use 

 

Additional file 4: Table S4 Spearman’s correlation coefficient between changes in TFG-β1, PDGF, TAPSE 

and cIBS 

 change in TFG-
β1 

change in PDGF change in TAPSE 
(%) 

change in cIBS (%) 

change in TFG-β1 1.000    

change in PDGF 0.817 1.000   

change in TAPSE (%) 0.157 0.106 1.000  

change in cIBS (%) 0.294 0.270 –0.096 1.000 

TFG-β1, transforming growth factor beta 1; PDGF, platelet derived growth factor; TAPSE, tricuspid 

annular plane systolic excursion; cIBS, pericardium calibrated integrated backscatter 

 



Additional file 5: Table S5 Multivariable logistic regression analysis with change <15 % or ≥15 % in TAPSE 

and cIBS.  

 Change in TAPSE <15 % or ≥15 

% 

 Change in cIBS <15 % or ≥15 % 

 n  OR (95% CI)  n  OR (95% CI) 

Age 66 0.95 (0.85-1.05)  64 1.11 (0.99-1.24) 

Hypertension 66 1.15 (0.31-4.15)  64 0.45 (0.13-1.63) 

Change in TFG-β1 66 0.85 (0.75-0.96)  64 0.91 (0.82-1.00) 

Mean heart dose 66 1.23 (0.87-1.73)  64 1.57 (1.07-2.29) 

TAPSE, tricuspid annular plane systolic excursion; cIBS, pericardium calibrated integrated backscatter; 

TFG-β1, transforming growth factor beta 1 

 

Additional file 6: Table S6. Multivariable logistic regression analysis with change <15 % or ≥15 % in 

TAPSE and cIBS.  

 Change in TAPSE ≥15 % or <15 

% 

 Change in cIBS ≥15 % or <15 % 

 n  OR (95% CI)   n  OR (95% CI)  

Age 66 0.96 (0.86-1.07)  64 1.12 (1.00-1.25) 

Hypertension 66 1.11 (0.31-3.98)  64 0.43 (0.12-1.55) 

change in PDGF 66 0.85 (0.75-0.97)  64 0.88 (0.78-0.99) 

Mean heart dose 66 1.20 (0.85-1.69)  64 1.53 (1.04-2.24) 

TAPSE, tricuspid annular plane systolic excursion; cIBS, pericardium calibrated integrated backscatter; 

PDGF, platelet derived growth factor 

  



Additional file 7: Table S7. Baseline characteristic according to change in cIBS 

 ≥15% increase in cIBS <15% increase in cIBS p-value 

BMI (IQR), kg/m² 26.8  (24.3-30.2) 25.7 (24.2-28.7) 0.419 

Age (IQR) 65  (60-69) 62 (58-66) 0.079 

Current smoker (%), n 1  (3.4) 7 (20.0) 0.063 

Left-sided bc (%), n 23  (79.3) 24 (68.6) 0.402 

CAD (%), n 1  (3.4) 2 (5.7) 1.000 

Hypertension (%), n 11  (37.9) 16 (45.7) 0.615 

ASA (%), n 3  (10.3) 3 (8.6) 1.000 

Statin use (%), n 7  (24.1) 7 (20.0) 0.766 

Hypothyreosis (%), n 4  (13.8) 7 (20.0) 0.741 

Diabetes (%), n 2  (7.4) 3 (9.1) 1.000 

β-blockers (%), n 6  (20.7) 5 (14.3) 0.526 

ACE or ARB use (%), n 7  (24.1) 13 (37.1) 0.293 

AI (%), n 9  (31.0) 15 (42.9) 0.438 

Tamoxifen (%), n 4  (13.8) 2 (5.7) 0.397 

cIBS, pericardium calibrated integrated backscatter; BMI, body mass index; bc, breast cancer; 

Hypertension, use of hypertension medication; ASA, low dose acetylsalicylic acid; Diabetes, use of 

diabetes medication; ACE angiotensin converting enzyme inhibitor; ARB, angiotensin II receptor blocker; 

AI aromatase inhibitor use 
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Abstract

Background: Transforming growth factor beta 1 (TGF-β1) and platelet-derived growth factor (PDGF) are cytokines
involved in fibrotic processes causing radiotherapy (RT)-induced cardiovascular changes. We aimed to investigate
the associations between TGF-β1 and PDGF and the echocardiographic changes that occur during RT and during
three-year follow-up.

Methods: The study included 63 women receiving adjuvant RT for early-stage breast cancer or ductal carcinoma in
situ. Serum TGF-β1 (ng/ml) and PDGF (ng/ml) levels were measured by enzyme-linked immunoassay and
echocardiographic examination was performed before RT, after RT and at 3 years. Patients were grouped by
biomarker behavior by a trajectory analysis.

Results: TGF-β1 decreased from 19.2 (IQR 17.1–22.3) before RT to 18.8 (14.5–22.0) after RT (p = 0.003) and the
decrease persisted at 17.2 (13.7–21.2) 3 years after RT (p = 0.101). PDGF decreased from 15.4 (12.6–19.1) before
RT to 13.8 (11.7–16.2) after RT, p = 0.001, and persisted at 15.6 (10.4–18.4) at 3 years, p = 0.661. The TGF-β1
level before RT (Spearman’s rho 0.441, p < 0.001) and the three-year change in TGF-β1 (rho = − 0.302, p =
0.018) correlated with global longitudinal strain (GLS) in echocardiography at 3 years.
In trajectory analysis, two TGF-β1 behavior groups were found. Group 1 had significantly higher TGF-β1 levels
before RT, 25.6 (22.3–28.6), than group 2, 17.8 (15.9–19.9), p < 0.001. In multivariable analysis, TGF-β1 trajectory
group 1 (β = 0.27, p = 0.013), left-sided breast cancer (β = 0.39, p = 0.001) and the use of aromatase inhibitors
(β = 0.29, p = 0.011) were significantly associated with a worsening in GLS from before RT to 3 years.

Conclusion: An elevated pretreatment TGF-β1 may predict RT-associated changes in echocardiography.

Keywords: Transforming growth factor beta 1, Platelet-derived growth factor, Cardiotoxicity, Breast cancer,
Radiotherapy, Echocardiography
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Background
Adjuvant radiotherapy (RT) of breast cancer is associ-
ated with an increased risk of cardiovascular morbidity
and mortality [1]. Transforming growth factor beta 1
(TGF-β1) is involved in the process responsible for the
long-term fibrotic effects of RT, including cardiovascular
changes and morbidity [2]. TGF-β1 is produced by plate-
lets, macrophages, fibroblasts, monocytes, and epithelial
and endothelial cells [2]. In a radiation fibrosis model,
the production of profibrotic cytokines, such as TGF-β1
and platelet-derived growth factor (PDGF), is thought to
be induced by radiation, which in turn activates fibro-
blasts. It is suggested that cytokines play an initiative
role, but may not be necessary to maintain the fibrotic
process [2].
TGF-β1 is also released following myocardial injury,

exerting profibrotic actions on the myocardium. This
process is involved in the pathogenesis of different myo-
cardial diseases [3]. Elevated levels of TGF-β1 are also
present in various fibrotic diseases, such as hepatic fibro-
sis, idiopathic pulmonary fibrosis, myelofibrosis or sys-
temic sclerosis [4]. In addition, variation in circulating
TGF-β1 levels is also caused by genetic factors [5]. Muta-
tions in genes determining TGF-β1 levels may be respon-
sible for susceptibility to radiation injury, such as breast
fibrosis or increased cardiovascular morbidity [6, 7].
Only a few studies have examined the effect of adju-

vant breast cancer RT on the circulating levels of TGF-
β1. Two studies have reported that patients who devel-
oped fibrosis of the breast as sequelae of external beam
RT had higher baseline levels of TGF-β1 than those who
did not develop fibrosis [8, 9]. We reported that patients
receiving adjuvant RT for breast cancer with echocardio-
graphic changes from before to after RT had higher
baseline TGF- β1 levels and their TGF-β1 and PDGF
levels decreased during RT [10].
Our aim was to study the behavior of the TGF-β1 and

PDGF levels and their association with the echocardio-
graphic changes from before RT to immediately after
and 3 years after RT.

Materials and methods
Patients
Altogether, 63 patients with available serum samples, re-
ceiving postoperative RT for breast cancer or ductal car-
cinoma in situ (DCIS) were included in this prospective,
observational, single-center study. The included patients
had breast-conserving surgery (n = 62) or a mastectomy
(n = 1) before RT, but none received chemotherapy.
Earlier publication describes the key inclusion and exclu-
sion criteria in detail [11]. The Tampere University hos-
pital ethics committee approved the study (R10160) and
informed consent was obtained from all participants.

Radiotherapy
A detailed description of the RT protocol is found in an
earlier publication [12]. Briefly, the planning target vol-
ume (PTV) received either 50 Gy in 2 Gy fractions or
42.56 Gy in 2.66 Gy fractions. The remaining breast after
breast-conserving surgery or the chest wall after mastec-
tomy with margins constituted the PTV. For the one
patient with axillary node-positive disease, PTV included
the axillary and supraclavicular areas.

Serum biomarker analysis
TGF-β1, PDGF and N-terminal pro-brain natriuretic
peptide (proBNP) were analyzed from serum samples
drawn at the start of RT, at the end of RT and 3 years
after RT. Concentrations of TGF-β1 and PDGF-AB were
measured by enzyme-linked immunosorbent assay with
reagents from R&D Systems Europe Ltd. (Abingdon,
UK). Samples were stored at − 80 °C and all samples
were analyzed simultaneously with reagents from the
same batch. Samples from before and after RT were also
reanalyzed [10]. The detection limit and the interassay
coefficient of variation were 7.8 ng/ml and 5.1% for
TGF-β1 and 3.9 ng/ml and 3.5% for PDGF-AB,
respectively.

Echocardiographic examination
Echocardiographic examination was performed at the
same time points as when the serum samples were
drawn. A single cardiologist (ST) performed all the ex-
aminations by a commercially available ultrasound ma-
chine (Philips iE33 ultrasound system; Philips, Bothell,
WA, USA) and a 1–5MHz matrix-array X5–1 trans-
ducer, as described previously [13, 14].

Statistical analysis
The median and interquartile range (IQR) were calculated
for variables with skewed distributions. The Wilcoxon
signed-rank test was used to test for change in a variable
between measurements before RT, after RT and at 3 years.
The linear relationship between continuous variables was
determined using Spearman’s correlation. The Mann-
Whitney U-test for continuous variables was used to test
for differences in the biomarkers, echocardiographic mea-
surements or radiation doses between two groups. Group
based trajectory modeling was used to determine the two
trajectory groups [15]. The trajectory groups were created
according to the three measurements of TGF-β1 or PDGF
in each patient as a continuous outcome measure and the
groups represent clusters of individuals with similar trajec-
tories and outcomes over time [16]. Models were fitted by
using the flexmix package [17] of the statistical program
R, version 3.3.0, from the R Foundation for Statistical
Computing [18]. The relative goodness of fit was assessed
using Bayesian information criteria (BIC). Fischer’s exact
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test was used to test for differences in categorical variables
in the two trajectory groups. Linear regression was used to
test multivariable associations with the change in GLS
over 3 years. IBM SPSS Statistics software, version 25 for
Windows (Armonk, NY, USA) was used for statistical
testing. P-values under 0.05 were considered statistically
significant.

Results
TGF-β1, PDGF and proBNP
Including all 63 patients, the median TGF-β1 decreased
significantly during RT, p = 0.003 (Table 1). At the
three-year follow-up, the median TGF-β1 level remained
lower than before RT, p = 0.001. The median PDGF also
decreased during RT, p = 0.001. The difference in me-
dian PDGF levels between before RT and at 3 years
remained significant, p = 0.046. The median proBNP
(n = 62) was stable during RT, p = 0.325, but increased
by the three-year follow-up, p < 0.001.
The correlations of TGF-β1 and PDGF at correspond-

ing time points and the changes between these time
points are shown in Table 2. There were significant cor-
relations between the TGF-β1 and PDGF as well as
between the TGF-β1 and proBNP levels (Table 2), but
PDGF and proBNP did not correlate together.

TGF-β1, PDGF and baseline characteristics
Age inversely correlated with the TGF-β1 level at 3 years
(rho = − 0.310, p = 0.013) and the change in TGF-β1
from before RT to 3 years (rho = − 0.280, p = 0.026).
There was no significant correlation between TGF-β1
and body mass index (BMI) or time from surgery to RT.
Furthermore, there was no statistically significant differ-
ence in the TGF-β1 levels before RT in groups with
different comorbidities or the use of medication, e.g.
hypertension, hypothyrosis, coronary artery disease
(CAD), smoking, diabetes and use of aromatase inhibi-
tors (AI), tamoxifen, angiotensin convertase inhibitors
(ACE), acetylsalicylic acid (ASA), or statins.
PDGF at 3 years also inversely correlated with age

(rho = − 0.348, p = 0.005), but not with BMI or time
from surgery to RT. Statin-users had lower median
PDGF levels before RT than did nonusers, 12.0 (10.2–
16.5) ng/ml and 16.5 (13.4–20.4) ng/ml, respectively
(p = 0.024). Furthermore, tamoxifen-users had lower

median PDGF levels after RT than nonusers did, 12.1
(11.6–17.3) ng/ml and 15.6 (12.8–20.1) ng/ml, respect-
ively (p = 0.041). There were no differences in the
median PDGF levels according to the other baseline
characteristics.

TGF-β1 and PDGF levels and echocardiographic
measurements
The TGF-β1 and PDGF levels before RT, after RT, at 3
years, and the changes between these time points correlated
with different structural and functional parameters in echo-
cardiography. Echocardiographic measurements are pre-
sented in Additional file 1: Table S1. The significant
correlations for TGF-β1 and PDGF after RT and at 3 years
and echocardiography are presented in Additional file 2:
Table S2.

Correlations with structural echocardiographic
measurement
The interventricular septum (IVS) (rho 0.256, p = 0.042)
and posterior wall (PW) (rho = 0.318, p = 0.011) thick-
nesses and the left ventricular end systolic diameter
(LVESD) (rho 0.300, p = 0.017) after RT correlated with
TGF-β1 before RT. Additionally, the IVS (rho 0.428, p <
0.001) and PW (rho = 0.389, p = 0.002) thicknesses at 3
years correlated with the TGF-β1 level before RT.
Furthermore, the change in TGF-β1 during RT inversely

correlated with the change in septal calibrated integrated
backscatter (scIBS) during RT (rho =─0.289, p = 0.023).
The change in TGF-β1 from before RT to 3 years inversely
correlated with the change in IVS from before RT to 3
years (rho =─0.255, p = 0.044) and the IVS at 3 years
(rho =─0.383, p = 0.002).
The PDGF level before RT correlated with the change in

IVS from before RT to 3 years (rho = 0.306, p = 0.015). The
PDGF change during RT correlated inversely with the pos-
terior calibrated integrated backscatter (pcIBS) before RT
(rho =─0.341, p = 0.007) and positively with the change in
pcIBS during RT (rho = 0.307, p = 0.016) and the change in
pcIBS from baseline to 3 years (rho = 0.336, p = 0.009). The
PDGF change from before RT to 3 years correlated posi-
tively with the change in left ventricular end diastolic diam-
eter (LVEDD) (rho = 0.267, p = 0.035) and negatively with
the change in IVS (rho =─0.385, p = 0.002) from before
RT to 3 years.

Table 1 TGF-β1, PDGF and proBNP levels in the whole study population

Before RT After RT Three years

n Md IQR Md IQR Md IQR p1 p2 p3

TGF-β1 (ng/ml) 63 19.2 (17.1–22.3) 18.8 (14.5–22.0) 17.2 (13.7–21.2) 0.003 0.001 0.101

PDGF (ng/ml) 63 15.4 (12.6–19.1) 13.8 (11.7–16.2) 15.6 (10.4–18.4) 0.001 0.046 0.661

proBNP (ng/l) 62 75.5 (42.5–125.5) 75.0 (35.5–132.8) 101.0 (55.5–183.3) 0.325 < 0.001 < 0.001

TGF-β1 Transforming growth factor beta 1, PDGF Platelet-derived growth factor, proBNP N-terminal pro-brain natriuretic peptide, RT Radiotherapy, Md Median, IQR
Interquartile range, p1 Change from before to after RT, p2 Change from before to 3 years after RT, p3 Change from after RT to 3 years after RT
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Correlations with systolic echocardiographic measurements
The global longitudinal strain (GLS) at 3 years correlated
positively with the TGF-β1 level before RT (rho 0.441,
p < 0.001) and inversely with the TGF-β1 change during
RT (rho =─0.302, p = 0.018). Furthermore, the GLS
change from before RT to 3 years inversely correlated
with the PDGF level before RT (rho =─0.288, p =
0.022). Likewise, the PDGF change during RT correlated
with the TAPSE change from before RT to 3 years
(rho = 0.262, p = 0.045).

Correlations with measurements of filling pressure and
diastology in echocardiography
The TGF-β1 level before RT inversely correlated with
the mitral early inflow wave velocity (mitral E) (rho
─0.300, p = 0.017) after RT. The PDGF level before RT
inversely correlated with the mitral E before RT (rho =
─0.288, p = 0.022), after RT (rho =─0.416, p = 0.001)
and at three years (rho =─0.270, p = 0.033).

TGF-β1 trajectories
Trajectory analysis was performed to group the patients
by behavior of TGF-β1. Group 1 (n = 19) had signifi-
cantly higher levels of TGF-β1 before RT, after RT and
at 3 years than group 2 (n = 44), p < 0.001 for all time
points (Table 3). In group 1, there was a tendency for
TGF-β1 levels to decrease from before to after RT and
to the three-year follow-up, p = 0.066 and p = 0.080 re-
spectively. In group 2, there was a significant decrease in
the TGF-β1 level from baseline to after RT, p = 0.023,
and to the three-year follow-up, p = 0.006. The groups
were similar in baseline characteristics (Table 3), and
there were no significant differences in the proBNP
levels at the three time points between the groups.

Echocardiographic parameters by the two trajectory
groups are shown in Table 4. Baseline measurements
were similar between the two groups. The IVS at 3 years,
the PW after RT and the PW at 3 years were signifi-
cantly different between the groups, p = 0.016, p = 0.039
and p = 0.010, respectively. There was a tendency for a
difference in GLS at 3 years, p = 0.081. During RT, there
was a significant change for group 1 in IVS (p = 0.036),
PW (p = 0.030), TAPSE (p = 0.021) and scIBS (p =
0.030). For group 2 there was a significant change during
RT in TAPSE (p = 0.030) and scIBS (p = 0.007). During
the three-year follow-up, GLS and scIBS significantly
worsened from baseline in group 1, p = 0.013 and p <
0.001, respectively. In group 2, PW decreased and scIBS
increased from baseline to 3 years, p = 0.028 and p =
0.002, respectively. Radiation doses to the heart, left ven-
tricle (LV), right ventricle (RV) and the left anterior de-
scending artery (LAD) were similar between the two
trajectory groups (Additional file 3: Table S3).
To further explore the association between TGF-β1

and GLS suggested by correlation and the significant
worsening in trajectory group 1, multivariable linear re-
gression analysis was performed. In the model, TGF-β1
trajectory group 1 (β = 0.27, p = 0.013), left-sided breast
cancer (β = 0.39, p = 0.001) and the use of AI (β = 0.29,
p = 0.011) were significantly associated with a reduction
in GLS from before RT to 3 years. Additionally, there
was tendency for age to be associated (β = 0.18, p =
0.071) with worsening GLS during the three-year follow-
up. These factors explained 33% of the change in GLS.

PDGF trajectories
A trajectory analysis was also performed for PDGF.
PDGF levels were significantly higher at all time-points

Table 2 Correlations between TGF-β1, PDGF and proBNP

TGF-β1
before RT

TGF-β1
after RT

TGF-β1
3 years

Change in TGF-β1
before RT–after RT

Change in TGF-β1
before RT–3 years

Change in TGF-β1
after RT–3 years

PDGF before RT 0.667 0.222 0.132 ─0.405 ─0.480 ─0.088

PDGF after RT 0.453 0.713 0.316 0.249 ─0.141 ─0.361

PDGF 3 years 0.299 0.338 0.749 0.022 0.336 0.414

Change in PDGF before RT–after RT ─0.221 0.481 0.246 0.646 0.363 ─0.204

Change in PDGF before RT–3 years ─0.254 ─0.128 0.625 0.308 0.739 0.513

Change in PDGF after RT–3 years ─0.132 ─0.267 0.544 ─0.152 0.600 0.826

proBNP before RT 0.298 ─0.037 ─0.040 ─0.325 ─0.280 ─0.050

proBNP after RT 0.265 ─0.041 ─0.006 ─0.252 ─0.183 ─0.005

proBNP 3 years 0.293 ─0.060 ─0.061 ─0.321 ─0.297 ─0.070

Change in proBNP before RT–after RT ─0.040 ─0.016 0.054 0.101 0.150 0.075

Change in proBNP before RT–3 years 0.114 0.087 0.004 ─0.023 ─0.111 ─0.129

Change in proBNP after RT–3 years 0.212 0.018 0.004 ─0.259 ─0.232 ─0.060

TGF-β1 transforming growth factor beta 1, PDGF Platelet-derived growth factor, proBNP N-terminal pro-brain natriuretic peptide, RT Radiotherapy, Correlation
coefficients (Spearman’s rho) in bold are statistically significant (p < 0.05)
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in group 1 (n = 8) than in group 2 (n = 55), p < 0.001
(Additional file 4: Table S4) for all time-points. The groups
did not differ in baseline characteristics (Additional file 4:
Table S4). The change in PDGF was only significant in
group 2 from before to after RT, p = 0.001.
Only scIBS at 3 years was significantly higher in group

1 than group 2, p = 0.044. The elevated PDGF levels in
group 1 were not associated with more changes in echo-
cardiographic parameters, but the group 1 was too small
for a meaningful comparison (Additional file 5: Table S5).
Furthermore, radiation doses to the heart, LV, RV or
LAD were similar in the groups (Additional file 4:
Table S4).

Discussion
Elevated baseline TGF-β1 associates with
echocardiographic changes
The most important finding in our study was the associ-
ation of elevated TGF-β1 before RT with a decline in LV
systolic function, namely, impairment in GLS during the
three-year follow-up. This association was apparent in
the correlation between TGF-β1 and GLS at 3 years and
further with the trajectory analysis in which patients
were grouped into two groups according to TGF-β1 be-
havior. Group 1 had significantly higher baseline TGF-
β1 levels than group 2. At baseline, the echocardio-
graphic parameters were similar, but RT induced a
thickening of the IVS and PW during RT in group 1, but
not in group 2. These changes most likely depict RT-

induced inflammatory changes. During the three-year
follow-up, group 1 had a significant worsening of GLS
and group 2 did not. In multivariable analysis, the trajec-
tory group 1 remained a significant factor in predicting
GLS worsening during the 3 years in addition to AI use
and left-sided breast cancer, which we have reported in
earlier to affect echocardiographic parameters [12, 13].
Left-sided breast cancer associates with higher radiation
doses to the heart [19], which probably explains the
significance of the side. Radiation dose is a significant
factor determining cardiovascular risk of breast cancer
patients and dose-volume constraints are in clinical use
to decrease this risk [20]. Radiation doses were similar
between the groups, as the grouping mostly reflects a
difference in baseline TGF-β1. The worsening in GLS is
probably the most clinically significant echocardio-
graphic change, as GLS is an excellent early predictor of
major adverse cardiac events [21]. Additionally, the cor-
relation between the levels of TGF-β1 and proBNP, an
accepted marker of heart failure [22], at all three time-
points further supports the association of elevated TGF-
β1 levels and cardiovascular changes.
In previous literature, two other studies with adjuvant

external beam RT [8] and intracavitary partial breast
brachytherapy [9] reported elevated circulating baseline
TGF-β1 levels in patients who developed radiation-in-
duced fibrosis of the breast. Studies with genetic muta-
tions also support the idea that baseline TGF-β1 levels
may predispose individuals to normal tissue toxicity

Table 3 TGF-β1 levels and baseline characteristics according to two groups determined by a TGF-β1 trajectory analysis

n Group 1 n Group 2 p

TGF-β1 before RT (ng/ml) Md (IQR) 19 25.6 (22.3–28.6) 44 17.8 (15.9–19.9) < 0.001

TGF-β1 after RT (ng/ml), Md (IQR) 19 23.9 (21.3–25.2) 44 16.3 (13.7–19.1) < 0.001

TGF-β1 at 3 years (ng/ml), Md (IQR) 19 22.4 (18.8–25.8) 44 15.0 (12.1–18.8) < 0.001

Age, Md (IQR) 19 64 (58–66) 44 64 (59–68) 0.752

BMI, Md (IQR) 19 26.9 (24.8–32.3) 44 25.7 (24.1–28.7) 0.110

Left-sided BC, n (%) 19 14 (73.7) 44 36 (81.8) 0.508

AI-use, n (%) 19 6 (31.2) 44 15 (34.1) 1.000

Tamoxifen use, n (%) 19 2 (10.5) 44 4 (9.1) 1.000

ACE or ARB use, n (%) 19 5 (26.3) 44 12 (27.3) 1.000

ASA use, n (%) 19 1 (5.3) 44 4 (9.1) 1.000

Beta-blocker use, n (%) 19 4 (21.1) 44 7 (15.9) 0.721

Statin use, n (%) 19 3 (15.8) 44 10 (22.7) 0.738

CAD, n (%) 19 2 (10.5) 44 1 (2.3) 0.214

Diabetes, n (%) 17 3 (17.6) 42 2 (4.8) 0.138

Hypertension, n (%) 19 9 (47.4) 44 15 (34.1) 0.400

Hypothyroidism, n (%) 19 3 (15.8) 44 7 (15.9) 1.000

Smoking, n (%) 19 2 (10.5) 44 5 (11.4) 1.000

TGF-β1 Transforming growth factor beta 1, RT Radiotherapy, Md Median, IQR Interquartile range, BMI Body mass index, BC Breast cancer, AI Aromatase inhibitor,
ACE Angiotensin converting enzyme inhibitor, ARB Angiotensin II receptor blocker, ASA Low dose acetylsalicylic acid, CAD Coronary artery disease, Diabetes Use of
diabetes medication

Aula et al. Radiation Oncology          (2019) 14:155 Page 5 of 9



Ta
b
le

4
Ec
ho

ca
rd
io
gr
ap
hi
c
m
ea
su
re
m
en

ts
ac
co
rd
in
g
to

TG
F-
β1

tr
aj
ec
to
ry

gr
ou

ps

G
ro
up

1
(n

=
19
)

G
ro
up

2
(n

=
44
)

Be
fo
re

RT
A
ft
er

RT
3
ye
ar

Be
fo
re

RT
A
fte

r
RT

3
ye
ar

n
M
d

(IQ
R)

M
d

(IQ
R)

M
d

(IQ
R)

p1
p2

n
M
d

(IQ
R)

M
d

(IQ
R)

M
d

(IQ
R)

p1
p2

LV
m
ea
su
re
m
en

ts

LV
ED

D
(m

m
)

19
46
.0

(4
4.
0–
48
.0
)

45
.0

(4
4.
0–
50
.0
)

46
.0

(4
2.
0–
50
.0
)

0.
51
3

0.
44
6

44
46
.0

(4
4.
0–
47
.0
)

46
.0

(4
3.
3–
47
.0
)

45
.0

(4
3.
0–
47
.0
)

0.
90
4

0.
65
4

LV
ES
D
(m

m
)

19
31
.0

(2
9.
0–
34
.0
)

32
.0

(2
8.
0–
34
.0
)

31
.0

(2
9.
0–
35
.0
)

0.
85
4

0.
95
4

44
31
.0

(2
9.
0–
32
.8
)

30
.5

(2
9.
0–
31
.8
)

30
.0

(2
9.
0–
32
.0
)

0.
78
1

0.
89
6

IV
S
(m

m
)

19
10
.0

(9
.0
–1
1.
0)

11
.0

(1
0.
0–
12
.0
)

11
.0

(1
0.
0–
11
.0
)

0.
03

6
0.
15
7

44
10
.0

(9
.0
–1
1.
0)

10
.0

(9
.0
–1
1.
0)

10
.0

(9
.0
–1
1.
0)

0.
37
8

0.
77
5

PW
(m

m
)

19
10
.0

(9
.0
–1
1.
0)

11
.0

(1
0.
0–
12
.0
)

9.
0

(1
0.
0–
11
.0
)

0.
03

0
0.
43
4

44
10
.0

(9
.0
–1
1.
0)

10
.0

(9
.3
–1
1.
0)

9.
0

(8
.3
–1
0.
0)

0.
14
4

0.
02

8

LV
sy
st
ol
ic
fu
nc
tio

n

LV
EF

(%
)

19
62
.0

(5
6.
0–
65
.0

61
.0

(5
8.
0–
65
.0
)

60
.0

(5
7.
0–
63
.0
)

0.
88
6

0.
14
4

44
62
.0

(6
0.
0–
65
.0

63
(5
9.
3–
65
.0
)

61
.5

(5
7.
0–
63
.0
)

1.
00
0

0.
09
2

G
LS

(%
)

17
─
17
.0

(─
20
.5
-

─
16
.0
)

─
17
.0

(─
19
.5
-

─
15
.5
)

─
16
.0

(─
18
.5
-

─
14
.0
)

0.
37
3

0.
00

6
44

─
18
.0

(─
19
.8
-

─
15
.0
)

─
17
.0

(─
20
.0
-

─
15
.0
)

─
18
.0

(─
20
.0
-

─
16
.0
)

0.
15
9

0.
76
2

LV
di
as
to
lic

fu
nc
tio

n

M
itr
al
in
flo
w

E
(c
m
/s
)

19
73
.5

(6
6.
2–
81
.9
)

66
.1

(5
7.
2–
79
.0
)

66
.2

(6
1.
7–
78
.4
)

0.
11
3

0.
10
6

44
75
.4

(6
3.
8–
87
.3
)

72
.4

(6
0.
3–
80
.0
)

71
.4

(6
2.
0–
89
.0
)

0.
13
9

0.
24
2

Ee
’r
at
io

19
8.
3

(6
.8
–1
0.
2)

7.
8

(7
.1
–1
1.
1)

8.
7

(7
.1
–1
0.
2)

0.
70
1

0.
34
7

44
9.
5

(7
.7
–1
1.
4)

9.
3

(7
.1
–1
0.
2)

8.
9

(7
.7
–1
1.
0)

0.
07
6

0.
33
7

RV
fu
nc
tio

n

TA
PS
E
(m

m
)

17
24
.0

(2
1.
0–
28
.0
)

21
.0

(1
8.
5–
24
.5
)

22
.0

(2
0.
5–
27
.5
)

0.
02

1
0.
36
3

42
24
.5

(2
0.
8–
27
.3
)

22
.0

(1
9.
0–
26
.0
)

24
.0

(2
0.
0–
26
.0
)

0.
00

1
0.
11
9

TR
gr
ad
ie
nt

(m
m
H
g)

12
21
.0

(1
8.
3–
26
.0
)

20
.5

(1
7.
3–
24
.0
)

23
.5

(1
9.
3–
28
.5
)

0.
35
1

0.
38
1

35
21
.0

(1
7.
0–
25
.0
)

22
.0

(1
9.
0–
24
.0
)

24
.0

(2
0.
0–
29
.0

0.
81
1

< 0.
00

1

Ti
ss
ue

ch
ar
ac
te
riz
at
io
n

sc
IB
S
(d
B)

17
15
.5

(1
2.
5–
21
.3
)

19
.5

(1
3.
7–
25
.1
)

23
.3

(2
0.
1–
25
.8
)

0.
03

1
< 0.
00

1
44

17
.6

(1
4.
1–
22
.1
)

19
.6

(1
6.
3–
24
.2
)

20
.3

(1
8.
8–
22
.8
)

0.
00

7
0.
00

2

rc
IB
S
(d
B)

17
18
.7

(1
4.
8–
21
.8
)

22
.9

(2
0.
1–
25
.9
)

23
.5

(1
9.
1–
27
.0
)

0.
01

1
0.
01

3
44

21
.1

(1
7.
1–
24
.6
)

23
.0

(1
8.
0–
26
.9
)

24
.1

(2
0.
3–
27
.0
)

0.
20
8

0.
02

1

pc
IB
S
(d
B)

17
10
.3

(7
.6
–1
1.
9)

9.
2

(8
.2
–1
2.
1)

9.
4

(6
.5
–1
3.
1)

0.
57
9

0.
85
4

43
9.
8

(6
.8
–1
3.
9)

10
.3

(8
.3
–1
2.
5)

10
.5

(6
.8
–1
3.
4)

0.
88
8

0.
95
9

TG
F-
β1

Tr
an

sf
or
m
in
g
gr
ow

th
fa
ct
or

be
ta

1,
RT

Ra
di
ot
he

ra
py

,M
d
M
ed

ia
n,

IQ
R
In
te
rq
ua

rt
ile

ra
ng

e,
p1

p-
va
lu
e
fo
r
be

fo
re

to
af
te
r
RT

,p
2
p-
va
lu
e
fo
r
be

fo
re

to
3
ye
ar
s
af
te
r
RT

,L
V
Le
ft
ve
nt
ric
le
,L
VE
D
D
Le
ft
ve
nt
ric
le

en
d

di
as
to
lic

di
am

et
er
,L
VE
SD

Le
ft
ve
nt
ric
le

en
d
sy
st
ol
ic
di
am

et
er
,I
VS

In
te
rv
en

tr
ic
ul
ar

se
pt
um

th
ic
kn

es
s,
PW

Po
st
er
io
r
w
al
lt
hi
ck
ne

ss
,E
F
Ej
ec
tio

n
fr
ac
tio

n,
G
LS

G
lo
ba

ll
on

gi
tu
di
na

ls
tr
ai
n,

M
itr
al

in
flo

w
E
Fi
rs
t
pe

ak
of

di
as
to
le
,

Ee
’P

ul
se
d
tis
su
e
do

pp
le
r
e’

ve
lo
ci
ty
,R

V
Ri
gh

t
ve
nt
ric
le
,T
A
PS
E
Tr
ic
us
pi
d
an

nu
la
r
pl
an

e
sy
st
ol
ic
ex
cu
rs
io
n,

TR
gr
ad

ie
nt

Tr
ic
us
pi
d
re
gu

rg
ita

tio
n
m
ax
im

al
gr
ad

ie
nt
,s
cI
BS

Se
pt
al

ca
lib

ra
te
d
in
te
gr
at
ed

ba
ck
sc
at
te
r,
rc
IB
S
Ri
gh

t
ve
nt
ric
le

in
te
gr
at
ed

ba
ck
sc
at
te
r,
pc
IB
S
Po

st
er
io
r
w
al
lo

f
le
ft
ve
nt
ric
le

in
te
gr
at
ed

ba
ck
sc
at
te
r

Aula et al. Radiation Oncology          (2019) 14:155 Page 6 of 9



from RT. Circulating levels of TGF-β1 are, at least par-
tially, controlled genetically [3]. The TGF-β1 C-509 T
variant allele (rs1800469) is associated with elevated
levels of circulating TGF-β1 [3]. Prospective studies
present contradictory evidence of the association be-
tween TGF-β1 C-509 T variant allele and radiation-in-
duced fibrosis of the breast [4, 5]. There is some
evidence that mutations in TGF-β1 genes are linked to
cardiovascular risk. In patients receiving postoperative
RT for breast cancer, patients with the TGF-β1 29C > T
variant allele, associated with low TGF-β1 levels, had an
increased cardiovascular risk with HR 1.79. However, in
this study, there was no association between CV mortality
and radiation dose [7]. Furthermore, the role of TGF-β1 is
not clear in cardiovascular diseases. The evidence on the
role of TGF-β1 in atherosclerosis is contradictory, but
most studies suggest TGF-β1 inhibits atherosclerosis [23].
In contrast, elevated levels of TGF-β1 are associated with,
for example, hypertrophic cardiomyopathy [23].

Changes in TGF-β1 levels
Earlier, we reported that TGF-β1 and PDGF decrease
during RT [10], but this study shows that TGF-β1 re-
mains at a lower level at 3 years compared to before RT.
The decreases were small but statistically significant. In
a suggested model, RT is thought to induce a cytokine
release [2], but since we only have measurements for be-
fore and after RT, a cytokine release could have taken
place earlier during the RT course. One previous study
with intraoperative RT (IORT) for breast cancer re-
ported that IORT had no effect on the TGF-β1 levels
measured from wound fluid [24]. We found that a de-
crease in TGF-β1 during RT and the three-year follow-
up correlated with worsening LV systolic function e.g.
GLS. Additionally, the three-year change was correlated
with an increased echodensity of the myocardium, scIBS,
and LV measurements. The inverse correlations between
the change in TGF-β1 levels and proBNP levels, further
suggest that the decrease in TGF-β1 may be associated
with an increased cardiovascular risk.

PDGF levels and associations with echocardiographic
measurements
We also found associations between elevated baseline
PDGF levels and LV systolic function, e.g. worsening
GLS, and LV diastolic function, e.g. decreased mitral E.
The change in PDGF during RT also predicted impair-
ment in GLS over 3 years. The trajectory analysis did
not further support the usability of PDGF in predicting
RT-induced echocardiographic changes. Additionally,
there were no correlations between PDGF and proBNP.
Therefore, despite the strong correlation between the
two biomarkers, TGF-β1 seems to be more usable than
PDGF in predicting the cardiovascular effects of RT. To

our knowledge, no previous studies exist about the
PDGF and RT-induced toxicity in humans.

Limitations
Although we now present results with 3 years of follow-
up, the follow-up time is still short, considering that the
increased risk of cardiovascular effects of RT takes years
to manifest. Longer follow-up will show whether the
echocardiographic changes lead to clinical cardiovascular
morbidity. This may require larger studies than ours.
Additionally, the underlying cause of elevation of TGF-
β1 is not known nor do we have information on how
well other risk factors of cardiovascular diseases, such as
elevated blood pressure, diabetes, and hyperlipidemia,
are controlled in the patients. These factors could influ-
ence the results.

Conclusions
Our finding supports that elevated TGF-β1 before RT is
a risk factor for the susceptibility to normal tissue tox-
icity and is associated with RT-induced changes in echo-
cardiography, namely, impairment in GLS, a measure of
LV systolic function. An elevated TGF-β1 level is an in-
dependent risk factor for the impairment in GLS in
addition to AI use and left-sided breast cancer, which is
likely due to higher radiation doses in left-sided breast
cancer. Furthermore, a decrease in TGF-β1 during the
three-year follow-up also correlated with echocardio-
graphic changes. More studies and longer follow-up are
needed to confirm whether elevated TGF-β1 can be used
to determine which patients are at an increased risk for
radiation-induced heart disease. Further, this informa-
tion could even be useful when designing future cardio-
protective trials.
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Table S1 Echocardiographic measurements in the whole study population. 

 
 Before RT After RT 3 years    

 
n Md (IQR) Md (IQR) Md (IQR) p¹ p² p³ 

LV measurements         

LVEDD (mm) 63 46.0 (44.0-47.0) 46.0 (44.0-48.0) 45.0 (42.0-48.0) 0.716 0.413 0.982 

LVESD (mm) 63 31.0 (29.0-33.0) 31.0 (29.0-33.0) 31.0 (29.0-32.0) 0.680 0.889 0.897 

IVS (mm) 63 10.0 (9.0-11.0) 10.0 (9.0-11.0) 10.0 (9.0-11.0) 0.034 0.231 0.598 

PW (mm) 63 10.0 (9.0-11.0) 10.0 (10.0-11.0) 9.0 (9.0-11.0) 0.011 0.175 <0.001 

LV systolic function         

LV EF (%) 63 62.0 (60.0-65.0) 63.0 (59.0-65.0) 61.0 (57.0-63.0) 0.936 0.027 0.007 

GLS (%) 61 ─18.0 (─20.0-
─16.0) 

─17.0 (─20.0-
─15.0) 

─17.0 (─19.0-
─16.0) 

0.106 0.103 0.693 

LV diastolic function         

Mitral inflow E 
(cm/s) 

63 75.0 (64.1-84.8) 68.1 (60.2-79.5) 69.1 (61.9-85.3) 0.026 0.062 0.842 

Ee’ ratio 63 9.3 (7.4-11.3) 8.5 (7.1-10.3) 8.8 (7.5-10.9) 0.218 0.818 0.111 

RV function         

TAPSE (mm) 59 24.0 (21.0-28.0) 22.0 (19.0-25.0) 23.0 (20.0-26.0) <0.001 0.060 0.110 

TR gradient 
(mmHg) 

47 21.0 (18.0-25.0) 22.0 (18.0-24.0) 24.0 (20.0-29.0) 0.493 0.001 0.001 

Tissue characterization         

scIBS (dB) 61 17.2 (13.9-21.5) 19.5 (15.8-24.4) 21.1 (19.0-23.6) <0.001 <0.001 0.029 

rcIBS (dB) 61 20.6 (17.1-24.2) 22.9 (18.8-26.8) 24.0 (20.2-26.9) 0.014 0.001 0.210 

pcIBS (dB) 60 10.0 (6.9-13.5) 9.6 (8.3-12.5) 10.4 (6.7-13.4) 0.862 0.961 0.744 

RT, radiotherapy; Md, median; IQR, interquartile range; p¹, p-value for before to after RT; p², p-value for 

before to 3 years after RT;  p³, p-value for after RT to 3 years after RT; LV, left ventricle; LVEDD, left 

ventricle end diastolic diameter; LVESD, left ventricle end systolic diameter; IVS, interventricular septum 

thickness; PW, posterior wall thickness; EF, ejection fraction; GLS, global longitudinal strain; Mitral inflow E, 

first peak of diastole; Ee’, pulsed tissue doppler e’ velocity; RV, right ventricle; TAPSE, tricuspid annular 

plane systolic excursion; TR gradient, tricuspid regurgitation maximal gradient; scIBS, septal calibrated 

integrated backscatter; rcIBS, right ventricle integrated backscatter; pcIBS, posterior wall of left ventricle 

integrated backscatter 

 

  



Table S2 Echocardiographic measurements with significant correlations with TGF-β1 and PDGF after RT and 

at three years. 

 

 

TGF–β1  

after RT 

TGF–β1  

three years 

PDGF  

after RT 

PDGF  

three years 

Systolic function    

TAPSE before RT –0.047 –0.227 –0.190 –0.294 

LV EF at three years –0.012 –0.189 –0.156 –0.269 

Filling pressure and diastolic function    

Ee’ ratio before RT 0.055 –0.204 –0.174 –0.282 

Mitral E after RT 0.010 –0.026 –0.273 –0.269 

Change in Tr gradient from 
before to after RT 

–0.310 –0.031 –0.282 0.036 

Change in Mitral E from 
before RT to three years 

–0.265 0.036 –0.043 0.037 

TGF-β1, transforming growth factor beta 1; PDGF, platelet-derived growth factor; RT, radiotherapy; TAPSE, 

tricuspid annular plane systolic excursion; LV EF, left ventricular ejection fraction; Ee’, pulsed tissue doppler 

e’ velocity ; Mitral E, mitral early inflow wave velocity; Tr gradient, tricuspid gradient 

 

 

 

Table S3 Radiation doses to the heart according to groups determined by TGF-β1 trajectory analysis.  

 Group 1 (n=24) Group 2 (n=47)  

 Md (IQR) Md (IQR) p 

Mean heart dose (Gy) 3.0 (1.0-4.2) 1.8 (1.0-3.6) 0.222 

V20 Gy to heart (%) 3.4 (0-5.3) 1.4 (0-4.8) 0.376 

Mean LV dose (Gy) 4.0 (1.1-7.0) 2.7 (1.3-5.5) 0.379 

V20 Gy to LV (%) 3.6 (0-9.6) 1.8 (0-7.2) 0.502 

Mean  RV dose (Gy) 1.9 (0.9-2.7) 1.5 (1.0-2.9) 0.561 

V20 Gy to RV (%) 0 (0-0.7) 0 (0-1.4) 0.923 

Mean LAD dose (Gy) 20.0 (1.1-31.7) 10.1 (2.0-24.2) 0.164 

V20 Gy to LAD (%) 45.8 (0-73.8) 19.5 (0-48.9) 0.128 

TGF-β1, transforming growth factor beta 1; Md, median; IQR, interquartile range; V20 Gy, percentage of 
structure volume receiving 20 Gy; LV, left ventricle; RV, right ventricle; LAD, left anterior descending 
coronary artery.  

 

  



Table S4 PDGF levels and baseline characteristics according to groups determined by PDGF trajectory 
analysis. 

 Group 1 Group 2  

 n  n  p 

PDGF before RT (ng/ml), Md 
(IQR) 

8 28.9 (25.7-35.7) 55 14.6 (12.1-17.4) <0.001 

PDGF after RT (ng/ml), Md (IQR) 8 25.6 (22.2-36.3) 55 13.4 (11.1-15.8) <0.001 

PDGF at 3 years (ng/ml), Md 
(IQR) 

8 25.5 (20.6-37.0) 55 14.6 (9.5-17.4) <0.001 

 Age, Md (IQR) 8 63.0 (55.3-65.5) 55 64.0 (58.0-67.0) 0.378 

BMI, Md (IQR) 8 25.7 (22.3-28.4) 55 26.2 (24.2-30.2) 0.333 

Left-sided BC, n (%) 8 7 (87.5) 55 43 (78.2) 1.000 

AI-use, n (%) 8 1 (12.5) 55 20 (36.4) 0.250 

Tamoxifen use, n (%) 8 0 (0.0) 55 6 (10.9) 1.000 

ACE or ARB use, n (%)  8 0 (0.0) 55 17 (30.9) 0.095 

ASA use, n (%) 8 0 (0.0) 55 5 (9.1) 1.000 

Beta-blocker use, n (%) 8 0 (0.0) 55 11 (20.0) 0.331 

Statin use, n (%) 8 1 (12.5) 55 12 (21.8) 1.000 

CAD, n (%) 8 0 (0.0) 55 3 (5.5) 1.000 

Diabetes, n (%),  8 0 (0.0) 46 5 (9.8) 1.000 

Hypertension, n (%) 8 1 (12.5) 55 23 (41.8) 0.141 

Hypothyroidism, n (%) 8 1 (12.5) 55 9 (16.4) 1.000 

Smoking, n (%) 8 1 (12.5) 55 6 (10.9) 1.000 

PDGF, platelet-derived growth factor; RT, radiotherapy;  RT, radiotherapy; Md, median; IQR, interquartile 

range; BMI, body mass index; BC, breast cancer; AI, aromatase inhibitor; ACE, angiotensin converting 

enzyme inhibitor; ARB, angiotensin II receptor blocker; ASA, low dose acetylsalicylic acid; CAD, coronary 

artery disease; Diabetes, use of diabetes medication 
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To search for biomarkers of RT-induced cardiotoxicity, we studied the behavior of ST2 during
e years after RT, and the associations with echocardiographic changes.
nd methods: We measured soluble ST2 (ng/ml) in serum samples from 63 patients receiving
breast cancer. Sampling and echocardiography were performed at baseline, after RT and at

ear follow-up. Patients were grouped by >15% (group 1) and �15% (group 2) relative wors-
obal longitudinal strain (GLS).
2 levels tended to increase during RT, from a median (interquartile range; IQR) of 17.9 (12.4
aseline to 18.2 (14.1e23.5) after RT (p ¼ 0.075). By the three-year follow up, ST2 levels
o 18.7 (15.8e24.2), p ¼ 0.018. The increase in ST2 level was associated with worsening cardiac
ction at three-year follow-up, GLS (rho ¼ 0.272, p ¼ 0.034) and left ventricular ejection
EF) (rho ¼ e0.343, p ¼ 0.006). Group 1 (n ¼ 14) had a significant increase in ST2 levels from
22.5) at baseline to 18.4 (15.6e22.6) after RT, p ¼ 0.035 and to 19.9 (16.0e25.1) three years
¼ 0.005. ST2 levels were stable in group 2 (n ¼ 47): 17.8 (12.3e22.0) at baseline, 17.7 (12.6
r RT and 18.0 (15.5e22.4) at three years.
ST2 may be useful for determining which patients are at risk for long-term cardiovascular

lowing adjuvant breast cancer RT, but prospective clinical studies are needed to confirm this
.

© 2019 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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3. Results
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Abbreviations

ACE angiotensin converting enzyme inhibitor
AI aromatase inhibitor
ARB angiotensin II receptor blocker
ASA acetylsalicylic acid
BCa breast cancer
BMI body mass index
CAD coronary artery disease
DCIS ductal carcinoma in situ
GLS global longitudinal strain
IQR interquartile range
LAD left anterior descending coronary artery
proBNP N-terminal pro-brain natriuretic peptide
Md median
RT radiotherapy
LV left ventricle
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To identify predictive markers for the detection of adjuvant RT-
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baseline ch
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LVEF left ventricular ejection fraction
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valuated the behavior of ST2 and its association with LV systolic
nction before RT, after RT and at the three-year follow-up.

. Materials and methods

This prospective, observational, single center study included 63
hemo-naïve patients with early-stage BCa or ductal carcinoma in
itu (DCIS) who received postoperative RT ± concurrent endocrine
herapy. Fifty patients had left-sided and 13 patients had right-
ided BCa. The key inclusion and exclusion criteria, and the RT
rocedure were described in detail previously [18,19]. The local
thics committee (R10160) approved the study and informed con-
ent was obtained from all participants.

Sampling and echocardiography were performed, as described
reviously [20,21], at the start of RT (bRT), at the end of RT (eRT)
nd at the three-year follow-up (3yRT). The concentrations of ST2
ere measured by enzyme-linked immunosorbent assay with re-
gents from R&D Systems Europe Ltd. (Abingdon, UK). The detec-
ion limit and interassay coefficient of variation were 7.8 pg/ml and
.2%, respectively. N-terminal pro-brain natriuretic peptide
proBNP) was measured at an accredited laboratory [22].
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.1. Statistical analysis

The basic statistical testing was done as described previously
3]. Multivariable linear regression analyses were performed to
odel the change in GLS and in left ventricular ejection fraction

LVEF) over three years, adjusting the models with the change in
T2 over three years, age, body mass index (BMI), laterality of BCa,
romatase inhibitor (AI) use and hypertension. Additionally, pa-
ients were divided into two groups: >15 and� 15% relative change

global longitudinal strain (GLS) [24], a clinically meaningful
hange [24,25]. Differences between these groups were tested us-
g multivariable logistic regression analysis, adjusting the model
ith the change in ST2 over three years, AI use, age and the mean
ose to the left anterior descending coronary artery (LAD). Statis-
ical testing was performed utilizing IBM SPSS Statistics software,
ersion 25 for Windows (Armonk, NY, USA). P-values less than 0.05
ere considered significant.

the follow-
p ¼ 0.220 d

In multi
5.61 [95%
Furthermor
1.00e1.15])
0.93e1.41])
reached sig

4. Discuss

We repo
marker of c
One earlier
but the ST2
could have

Older ag
ST2 levels and correlations with age, BMI and

increased slightly from bRT to eRT and increased
m bRT to 3yRT (Table 1).
e change in ST2 level during RT (Spearman’s rho
5), and BMI and the change in ST2 level during the
0.309, p ¼ 0.014) correlated. Furthermore, the
and proBNP levels during the follow-up were
0.329, p ¼ 0.009).

e in ST2 level and baseline characteristics

in ST2 level was significantly greater patients with
uring RT, p ¼ 0.008. Diabetic patients had higher
vels at bRT than non-diabetic patients, p ¼ 0.025.
other significant differences according to other

teristics.

and systolic echocardiographic measurements

hocardiographic parameters at bRT, eRT and at 3yRT
as a supplementary table in our previous publication
e in ST2 levels during RTcorrelatedwith GLS at 3yRT
¼ 0.025). Furthermore, the change in ST2 level over
was correlated with GLS (rho ¼ 0.272, p ¼ 0.034)

¼ e0.343, p ¼ 0.006) at 3yRT.
able linear regression analyses, no variables signifi-
d the decrease in LVEF, but AI use and left-sided BCa
d with the impairment in GLS over the follow-up,
p ¼ 0.013, respectively. The change in ST2 level did
significance in the model, p ¼ 0.093. The variables

% of the variance.

ccording to >15% and �15% relative change in GLS
s

re grouped according to a clinically meaningful GLS
ents with >15% (group 1) and 47 patients with�15%
tive worsening in GLS. Group 1 had a significant
LS during RT, p ¼ 0.006, and during the follow-up,
able 2). Group 2 had a stable GLS during RT,
the follow-up, p ¼ 0.183.
e characteristics, cardiac doses, GLS measurements
are displayed in Table 2. The median ST2 level

ficantly only in group 1 during RT (p ¼ 0.035) and
p¼ 0.005). In group 2, the ST2 level remained stable,
ng RT and p ¼ 0.500 during the follow-up.
able binary logistic regression analysis, AI users (OR
.25e25.10]) were more likely to be in group 1.
increasing mean dose to LAD (OR 1.07 [95% CI
eater increase in ST2 levels (OR 1.15 [95% CI
d older age (OR 1.08 [95% CI 0.96e1.22]) nearly
cance.

a small, yet significant, increase in ST2, a possible
otoxicity, three years after adjuvant RT for early BCa.
dy found no association between RT and ST2 levels,
els increased 6 months after chemotherapy, which
sked the effect of RT [26].
MI, hypertension and diabetes affected ST2 levels,
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Table 1
ST2 levels at the different time points for the entire study population (n ¼ 63).

Baseline After RT 3 years p1 p2

Md (IQR) Md (IQR) Md (IQR)

ST2 (ng/ml) 17.9 (12.4e22.4) 18.2 (14.1e23.5) 18.7 (15.8e24.2) 0.075 0.018

RT, radiotherapy; Md, median; IQR, interquartile range; p1, change from baseline to after RT; p2, change from baseline to the three-year follow-up.
Statistical significance is shown in bold (p < 0.05).

Table 2
Baseline characteristics, cardiac doses, GLS and ST2 levels compared according to the >15% (group 1) and �15% (group 2) relative change in GLS.

Group 1 (n¼ 14) Group 2 (n¼ 47) p

Baseline characteristics
Age, Md (IQR) 67.0 (59.0e73.5) 64.0 (58.0e66.0) 0.049
BMI, Md (IQR) 28.8 (24.8e30.7) 25.8 (23.9e27.7) 0.081
Left-sided BC, n (%) 14 (100.0) 35 (74.5) 0.052
AI, n (%) 9 (64.3) 11 (23.4) 0.008
Tam, n (%) 0 (0.0) 6 (12.8) 0.321
Hypertension, n (%) 5 (35.7) 18 (38.3) 1.000
ACE, n (%) 3 (21.4) 13 (27.7) 0.742
Beta-blockers, n (%) 4 (28.6) 7 (14.9) 0.256
ASA, n (%) 1 (7.1) 4 (8.5) 1.000
Statins, n (%) 2 (14.3) 10 (21.3) 0.715
CAD, n (%) 1 (7.1) 2 (4.3) 0.549
Diabetes, n (%), n¼ 14 and 44 1 (7.1) 3 (6.8) 1.000
Smoking, n (%) 1 (7.1) 5 (10.6) 1.000
Hypothyreosis, n (%) 4 (28.6) 6 (12.8) 0.245
Radiation doses to the heart
Dmean heart �2 Gy, n (%) 11 (78.6) 23 (48.9) 0.068
Dmean heart (Gy); Md (IQR) 3.4 (2.0e4.0) 1.9 (1.0e3.8) 0.082
V20 Gy to heart (%); Md (IQR) 4.6 (1.5e5.3) 1.4 (0e4.5) 0.052
Dmean LV (Gy); Md (IQR) 4.6 (3.0e5.6) 2.7 (1.1e5.9) 0.148
V20 Gy to LV (%), Md (IQR) 6.8 (1.9e8.0) 1.8 (0e8.4) 0.150
Dmean RV (Gy), Md (IQR) 2.4 (1.7e3.0) 1.5 (1.0e2.9) 0.073
Dmean LAD (Gy), Md (IQR) 23.7 (10.5e28.9) 9.4 (1.4e24.8) 0.012
V20 GY to LAD (%), Md (IQR) 50.3 (14.7e71.9) 12.8 (0e55.0) 0.015
GLS at different time points
GLS baseline (%), Md (IQR) e20.0 (e23.3-e17.0) e17.0 (e19.0-e15.0) 0.036
GLS after RT (%), Md (IQR) e16.5 (e19.3-e14.8) e17.0 (e20.0-e15.0) 0.704
GLS at 3 years (%), Md (IQR) e14.0 (e16.3-e11.0) e18.0 (e20.0-e16.0) < 0.001
ST2 levels
ST2 baseline (ng/ml), Md (IQR) 17.8 (12.3e22.5) 17.8 (12.3e22.0) 0.803
ST2 after RT (ng/ml), Md (IQR) 18.4 (15.6e22.6) 17.7 (12.6e23.5) 0.561
ST2 at 3 years (ng/ml), Md (IQR) 19.9 (16.0e25.1) 18.0 (15.5e22.4) 0.383

GLS, global longitudinal strain; RT, radiotherapy; Md, median; IQR, interquartile range; BMI, body mass index; BC, breast cancer; AI, aromatase inhibitor;
ACE, angiotensin converting enzyme inhibitor; ARB, angiotensin II receptor blocker; ASA, low dose acetylsalicylic acid; CAD, coronary artery disease;
Diabetes, use of diabetes medication; Dmean; mean dose to the structure; V20, the percentage of volume of the structure receiving 20 Gy; LV, left ventricle;
RV, right ventricle; LAD, left anterior descending coronary artery; p, p-value from the Mann-Whitney U test.
Statistical significance is shown in bold (p < 0.05).
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ssibly indicating that patients with underlying cardiac risk fac-
rs are at a greater risk for cardiotoxicity. These associations have
en reported previously [16,27,28].
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The increase in the ST2 level during RT was associated with a
gher, thus worse, GLS at the three-year follow-up. Additionally,
e three-year change in the ST2 level correlated with a worsening
GLS and LVEF, both known prognostic factors for cardiovascular
ath [29]. The association between worsening GLS and increasing
2 levels has been reported previously in patients with cardiac
nditions [30,31]. In multivariable analysis, the worsening in GLS
as predicted by AI use and left-sided BCa, an association we have
ported previously [19,21]. The change in ST2 level was only
ggestive in association with worsening GLS.
A significant increase in ST2 level was found in patients with a

15% relative worsening in GLS. In the multivariable analysis, only
I use significantly predicted the worsening of GLS. The
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5. Conclusio

We obse
adjuvant RT
follow-up.
worsening i
radiation d
disease tom
ween age, LAD radiation dose and the change in ST2
follow-up and the change in GLS were hypothesis

mple size is a limitation of our study. Furthermore,
LV systolic function and ST2 levels were subclinical
ollow-up is needed to determine whether these
te into clinically relevant cardiovascular risk.

a small but significant increase in ST2 levels during
ndocrine therapy for BCa and during the three-year
increase was apparent in patients with a >15%
S, which was also associatedwith AI use and higher
to the LAD. As it takes years for RT-induced heart
fest, longer follow-up and larger prospective clinical
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tudies are needed to confirm whether ST2 levels provide addi-
ional value in cardiotoxicity risk evaluation.

thical approval

The study was approved by the Tampere University Hospital
thics committee (R10160), Tampere, Finland, and informed con-
ent was obtained from all participants.

eclarations of competing interest

None.

cknowledgements

Ms. Salla Hietakangas is warmly acknowledged for her skillful
echnical assistance.

Financial support was provided by the Seppo Nieminen Fund
150620 and 150636), the Ida Montin Foundation (20180260), the
innish Society for Oncology, the Finnish Cultural Foundation
Pirkanmaa Regional Fund 50181690), and the competitive state
nancing of the expert responsibility area of the Tampere Univer-
ity Hospital and the Paulo Foundation. The funding sources had no
ole in study design; in the collection, analysis and interpretation of
ata; in the writing of the report; or in the decision to submit the
rticle for publication.

eferences

[1] EBCTCG (Early Breast Cancer Trialists’ Collaborative Group), McGale P,
Taylor C, Correa C, Cutter D, Duane F, et al. Effect of radiotherapy after mas-
tectomy and axillary surgery on 10-year recurrence and 20-year breast cancer
mortality: meta-analysis of individual patient data for 8135 women in 22
randomised trials. Lancet 2014;383:2127e35. https://doi.org/10.1016/S0140-
6736(14)60488-8.

[2] Early Breast Cancer Trialists’ Collaborative Group (EBCTCG), Darby S,
McGale P, Correa C, Taylor C, Arriagada R, et al. Effect of radiotherapy after
breast-conserving surgery on 10-year recurrence and 15-year breast cancer
death: meta-analysis of individual patient data for 10 801 women in 17
randomised trials. Lancet 2011;378:1707e16. https://doi.org/10.1016/S0140-
6736(11)61629-2.

[3] Darby SC, McGale P, Taylor CW, Peto R. Long-term mortality from heart dis-
ease and lung cancer after radiotherapy for early breast cancer: prospective
cohort study of about 300,000 women in US SEER cancer registries. Lancet
Oncol 2005;6:557e65. https://doi.org/10.1016/S1470-2045(05)70251-5.

[4] 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;368:987e98. https://doi.org/10.1056/
NEJMoa1209825.

[5] Bouillon K, Haddy N, Delaloge S, Garbay J-R, Garsi J-P, Brindel P, et al. Long-
term cardiovascular mortality after radiotherapy for breast cancer. J Am Coll
Cardiol 2011;57:445e52. https://doi.org/10.1016/j.jacc.2010.08.638.

[6] Hooning MJ, Botma A, Aleman BMP, Baaijens MHA, Bartelink H, Klijn JGM,
et al. Long-term risk of cardiovascular disease in 10-year survivors of breast
cancer. JNCI J Natl Cancer Inst 2007;99:365e75. https://doi.org/10.1093/jnci/
djk064.

[7] Harris EER, Correa C, Hwang W-T, Liao J, Litt HI, Ferrari VA, et al. Late cardiac
mortality and morbidity in early-stage breast cancer patients after breast-
conservation treatment. J Clin Oncol 2006;24:4100e6. https://doi.org/
10.1200/JCO.2005.05.1037.

[8] Henson KE, McGale P, Taylor C, Darby SC. Radiation-related mortality from
heart disease and lung cancer more than 20 years after radiotherapy for breast
cancer. Br J Canc 2013;108:179e82. https://doi.org/10.1038/bjc.2012.575.

[9] Boekel NB, Schaapveld M, Gietema JA, Russell NS, Poortmans P, Theuws JCM,
et al. Cardiovascular disease risk in a large, population-based cohort of breast
cancer survivors. Int J Radiat Oncol 2016;94:1061e72. https://doi.org/
10.1016/j.ijrobp.2015.11.040.

0] Weinberg EO, Shimpo M, De Keulenaer GW, MacGillivray C, Tominaga S,
Solomon SD, et al. Expression and regulation of ST2, an interleukin-1 receptor
family member, in cardiomyocytes and myocardial infarction. Circulation
2002;106:2961e6. https://doi.org/10.1161/01.cir.0000038705.69871.d9.

1] Manzano-Fern�andez S, Mueller T, Pascual-Figal D, Truong QA, Januzzi JL.
Usefulness of soluble concentrations of interleukin family member ST2 as
predictor of mortality in patients with acutely decompensated heart failure
relative to left ventricular ejection fraction. Am J Cardiol 2011;107:259e67.

https://d
[12] Januzzi J

suremen
pnea. J
j.jacc.200

[13] Yancy CW
HFSA foc
heart fai
associati
society o
CIR.0000

[14] Wang T
Prognos
ham He
CIRCULA

[15] Cheng JM
Biomark
Eur J He

[16] Parikh R
Soluble
elderly,
doi.org/1

[17] Katsarsk
uble rec
diation.
0955300

[18] Tuohine
Raatikain
ventricu

[19] Skytta T,
concurre
diograph
1559e66

[20] Tuohine
Lehtinen
ultrasou
diovasc
9.

[21] Tuohine
Lehtinen
early-sta
tracking
https://d

[22] Fimlab l
[23] Aula H,

Transfor
at three
2019;14

[24] Tuohine
Raatikain
among
Anticanc

[25] Zamoran
Galderis
toxicity
Guidelin
ejhf.654

[26] Huang G
changes
chemoth
MD.0000

[27] Chen LQ
with all-
dallas h
clinchem

[28] Lin Y-H,
clinical a
diabetes
j.diabres

[29] Kalam K
dysfunct
strain a
10.1136/

[30] Fabiani I
integrate
cation o
approach
10.1007/

[31] Broch K,
ST2 is a
cardiom
1354750

H. Aula et al. / The Breast 49 (2020) 18386
g/10.1016/j.amjcard.2010.09.011.
acock WF, Maisel AS, Chae CU, Jesse RL, Baggish AL, et al. Mea-
the interleukin family member ST2 in patients with acute dys-

Coll Cardiol 2007;50:607e13. https://doi.org/10.1016/
.014.
ssup M, Bozkurt B, Butler J, Casey DE, Colvin MM, et al. ACC/AHA/
update of the 2013 ACCF/AHA guideline for the management of
a report of the American college of cardiology/American heart

ask force on clinical practice guidelines and the heart failure
er. Circulation 2017 2017;136:e137e61. https://doi.org/10.1161/
00000509.
llert KC, Larson MG, Coglianese E, McCabe EL, Cheng S, et al.
ility of novel biomarkers of cardiovascular stress: the Framing-
tudy. Circulation 2012;126:1596e604. https://doi.org/10.1161/
AHA.112.129437.
kerhuis KM, Battes LC, van Vark LC, Hillege HL, Paulus WJ, et al.
f heart failure with normal ejection fraction: a systematic review.
ail 2013;15:1350e62. https://doi.org/10.1093/eurjhf/hft106.
eliger SL, Christenson R, Gottdiener JS, Psaty BM, DeFilippi CR.
for prediction of heart failure and cardiovascular death in an
unity-dwelling population. J Am Heart Assoc 2016;5. https://

61/JAHA.115.003188.
Zaharieva E, Aneva N, Savova G, Stankova K, Boteva R. The sol-
ST2 is positively associated with occupational exposure to ra-
J Radiat Biol 2016;92:87e93. https://doi.org/10.3109/

16.1115135.
, Skytta T, Virtanen V, Luukkaala T, Kellokumpu-Lehtinen P-L,
. Early effects of adjuvant breast cancer radiotherapy on right
stolic and diastolic function. Anticancer Res 2015;35:2141e7.
inen S, Virtanen V, Raatikainen P, Kellokumpu-Lehtinen P-L. The
se of aromatase inhibitors and radiotherapy induces echocar-
anges in patients with breast cancer. Anticancer Res 2015;35:

, Skytta T, Virtanen V, Virtanen M, Luukkaala T, Kellokumpu-
et al. Detection of radiotherapy-induced myocardial changes by
ssue characterisation in patients with breast cancer. Int J Car-
ing 2016;32:767e76. https://doi.org/10.1007/s10554-016-0837-

, Skytta T, Poutanen T, Huhtala H, Virtanen V, Kellokumpu-
, et al. Radiotherapy-induced global and regional differences in
eft-sided versus right-sided breast cancer patients: speckle
cardiography study. Int J Cardiovasc Imaging 2017;33:463e72.
g/10.1007/s10554-016-1021-y.
tories. www.fimlab.fi. [Accessed 13 September 2019].
€a T, Tuohinen S, Luukkaala T, H€am€al€ainen M, Virtanen V, et al.
growth factor beta 1 levels predict echocardiographic changes
s after adjuvant radiotherapy for breast cancer. Radiat Oncol
. https://doi.org/10.1186/s13014-019-1366-1.
, Skytt€a T, Huhtala H, Virtanen V, Kellokumpu-Lehtinen P-L,
P. Left ventricular speckle tracking echocardiography changes
-stage breast cancer patients three years after radiotherapy.
s 2019;39:4227e36. https://doi.org/10.21873/anticanres.13584.
, Lancellotti P, Rodriguez Mu~noz D, Aboyans V, Asteggiano R,
t al. ESC Position Paper on cancer treatments and cardiovascular
loped under the auspices of the ESC Committee for Practice
ur J Heart Fail 2017 2016;19:9e42. https://doi.org/10.1002/

ai J, Huang X, Zheng D. Predictive value of soluble ST-2 for
rdiac function and structure in breast cancer patients receiving
y. Medicine (Baltim) 2018;97:e12447. https://doi.org/10.1097/
000012447.
Lemos JA, Das SR, Ayers CR, Rohatgi A. Soluble ST2 is associated
e and cardiovascular mortality in a population-based cohort: the
study. Clin Chem 2013;59:536e46. https://doi.org/10.1373/
2.191106.
g R-C, Hou L-B, Wang K-J, Ye Z-N, Huang T, et al. Distribution and
iation of plasma soluble ST2 during the development of type 2
betes Res Clin Pract 2016;118:140e5. https://doi.org/10.1016/
.06.006.
tahal P, Marwick TH. Prognostic implications of global LV
a systematic review and meta-analysis of global longitudinal
ejection fraction. Heart 2014;100:1673e80. https://doi.org/
tjnl-2014-305538.
te L, Pugliese NR, Calogero E, Barletta V, Di Stefano R, et al. The
lue of sST2 and global longitudinal strain in the early stratifi-
ients with severe aortic valve stenosis: a translational imaging
t J Cardiovasc Imaging 2017;33:1915e20. https://doi.org/
54-017-1203-2.
n IS, Saberniak J, Ueland T, Edvardsen T, Gullestad L, et al. Soluble
ated with disease severity in arrhythmogenic right ventricular
thy. Biomarkers 2017;22:367e71. https://doi.org/10.1080/
16.1278266.

https://doi.org/10.1016/S0140-6736(14)60488-8
https://doi.org/10.1016/S0140-6736(14)60488-8
https://doi.org/10.1016/S0140-6736(11)61629-2
https://doi.org/10.1016/S0140-6736(11)61629-2
https://doi.org/10.1016/S1470-2045(05)70251-5
https://doi.org/10.1056/NEJMoa1209825
https://doi.org/10.1056/NEJMoa1209825
https://doi.org/10.1016/j.jacc.2010.08.638
https://doi.org/10.1093/jnci/djk064
https://doi.org/10.1093/jnci/djk064
https://doi.org/10.1200/JCO.2005.05.1037
https://doi.org/10.1200/JCO.2005.05.1037
https://doi.org/10.1038/bjc.2012.575
https://doi.org/10.1016/j.ijrobp.2015.11.040
https://doi.org/10.1016/j.ijrobp.2015.11.040
https://doi.org/10.1161/01.cir.0000038705.69871.d9
https://doi.org/10.1016/j.amjcard.2010.09.011
https://doi.org/10.1016/j.jacc.2007.05.014
https://doi.org/10.1016/j.jacc.2007.05.014
https://doi.org/10.1161/CIR.0000000000000509
https://doi.org/10.1161/CIR.0000000000000509
https://doi.org/10.1161/CIRCULATIONAHA.112.129437
https://doi.org/10.1161/CIRCULATIONAHA.112.129437
https://doi.org/10.1093/eurjhf/hft106
https://doi.org/10.1161/JAHA.115.003188
https://doi.org/10.1161/JAHA.115.003188
https://doi.org/10.3109/09553002.2016.1115135
https://doi.org/10.3109/09553002.2016.1115135
http://refhub.elsevier.com/S0960-9776(19)31106-3/sref18
http://refhub.elsevier.com/S0960-9776(19)31106-3/sref18
http://refhub.elsevier.com/S0960-9776(19)31106-3/sref18
http://refhub.elsevier.com/S0960-9776(19)31106-3/sref18
http://refhub.elsevier.com/S0960-9776(19)31106-3/sref19
http://refhub.elsevier.com/S0960-9776(19)31106-3/sref19
http://refhub.elsevier.com/S0960-9776(19)31106-3/sref19
http://refhub.elsevier.com/S0960-9776(19)31106-3/sref19
http://refhub.elsevier.com/S0960-9776(19)31106-3/sref19
https://doi.org/10.1007/s10554-016-0837-9
https://doi.org/10.1007/s10554-016-0837-9
https://doi.org/10.1007/s10554-016-1021-y
http://www.fimlab.fi
https://doi.org/10.1186/s13014-019-1366-1
https://doi.org/10.21873/anticanres.13584
https://doi.org/10.1002/ejhf.654
https://doi.org/10.1002/ejhf.654
https://doi.org/10.1097/MD.0000000000012447
https://doi.org/10.1097/MD.0000000000012447
https://doi.org/10.1373/clinchem.2012.191106
https://doi.org/10.1373/clinchem.2012.191106
https://doi.org/10.1016/j.diabres.2016.06.006
https://doi.org/10.1016/j.diabres.2016.06.006
https://doi.org/10.1136/heartjnl-2014-305538
https://doi.org/10.1136/heartjnl-2014-305538
https://doi.org/10.1007/s10554-017-1203-2
https://doi.org/10.1007/s10554-017-1203-2
https://doi.org/10.1080/1354750X.2016.1278266
https://doi.org/10.1080/1354750X.2016.1278266





	kannet_sivuina_TÄMÄ
	TUNI_aula_sisus
	Aula Title page
	Aula - väitöskirja
	Aula Publication 1 kansilehti
	Aula Publication 1 julkaisu
	Aula Publication 2 kansilehti
	Aula Publication 2 julkaisu
	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Materials and methods
	Patients
	Radiotherapy
	Serum biomarker analysis
	Echocardiographic examination
	Statistical analysis

	Results
	TGF-β1 and PDGF
	Transforming growth factor-beta 1, platelet-derived growth factor and cardiac function
	TGF-β1 and PDGF levels and changes in TAPSE
	TGF-β1, PDGF and change in cIBS


	Discussion
	Transforming growth factor-beta 1 and cardiac function
	Platelet-derived growth factor and cardiac function
	Echocardiographic changes associate with radiation doses
	Study limitations

	Conclusion
	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

	Aula Publication 2 Supplementary tables
	Aula Publication 3 kansilehti
	Aula Publication 3 julkaisu
	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Materials and methods
	Patients
	Radiotherapy
	Serum biomarker analysis
	Echocardiographic examination
	Statistical analysis

	Results
	TGF-β1, PDGF and proBNP
	TGF-β1, PDGF and baseline characteristics
	TGF-β1 and PDGF levels and echocardiographic measurements
	Correlations with structural echocardiographic measurement
	Correlations with systolic echocardiographic measurements
	Correlations with measurements of filling pressure and diastology in echocardiography

	TGF-β1 trajectories
	PDGF trajectories

	Discussion
	Elevated baseline TGF-β1 associates with echocardiographic changes
	Changes in TGF-β1 levels
	PDGF levels and associations with echocardiographic measurements
	Limitations

	Conclusions
	Additional files
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

	Aula Publication 4 kansilehti
	Aula Publication 4 julkaisu
	ST2 levels increased and were associated with changes in left ventricular systolic function during a three-year follow-up a ...
	1. Introduction
	2. Materials and methods
	2.1. Statistical analysis

	3. Results
	3.1. Changes in ST2 levels and correlations with age, BMI and proBNP
	3.2. The change in ST2 level and baseline characteristics
	3.3. ST2 levels and systolic echocardiographic measurements
	3.4. Grouping according to ﹥15% and ≤15% relative change in GLS over three years

	4. Discussion
	4.1. ST2 levels and changes in LV systolic function
	4.2. Limitations
	5. Conclusion

	Ethical approval
	Declarations of competing interest
	Acknowledgements
	References


	Blank Page
	Blank Page

	Blank Page
	Blank Page



