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ABSTRACT 

Doxorubicin (DOX) is a frequently used chemotherapeutic agent with high antitumor 

efficacy but dose-dependent cardiotoxicity (1). Four-dimensional echocardiography (4DE) is the 

preferred method for assessing left ventricular (LV) function in rodents, with LV ejection fraction 

(LVEF) commonly used to detect cardiotoxicity (2). However, studies on additional 

echocardiographic parameters to detect LV dysfunction are lacking. This study aimed to 

determine the onset of DOX-induced cardiotoxicity and alternations in echocardiography 

parameters over time in a rat model. Moreover, we evaluated the diagnostic performance of 

various echocardiographic modalities and assessed interobserver consistency. Female Sprague 

Dawley rats received weekly intravenous injections of 2 mg/kg DOX or saline (control) for eight 

weeks. Transthoracic echocardiography of the LV was performed at different time points, using 

motion (M)-mode, brightness (B)-mode, and 4D modalities. Bias and limits of agreement were 

analyzed using Bland-Altman plots, while simple linear regression and Pearson correlation 

evaluated interobserver variability. Significant changes in LVEF, radial LV fractional shortening 

(LVFS), and volume parameters were observed six weeks after the first DOX injection compared 

to baseline, with further declines in longitudinal LVFS and LV cardiac index by week eight. B-

mode echocardiography exhibited lower reproducibility for all parameters than 4D and M-mode, 

as indicated by higher bias and broader limits of agreement. Strong correlations were observed 

between researchers for most measurements. In conclusion, this study shows the time-dependent 

manifestation of DOX-induced cardiotoxicity in a rat model and highlights the importance of 

early detection and comprehensive echocardiographic assessment, with 4D and M-mode proving 

more reliable than B-mode. 
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Graphical abstract. B-mode, brightness-mode. DOX, doxorubicin. LVEF, left ventricular ejection 

fraction. LVFS, left ventricular fractional shortening. LVESV, left ventricular end-systolic volume. M-

mode, motion-mode. 4D-mode, four-dimensional-mode. Created with BioRender.com 

 

INTRODUCTION 

Anticancer treatment side effects: 
impact on rising cancer survivorship – Breast 

cancer accounts for 13.3% of all cancer 

diagnoses, establishing it as the most prevalent 

malignancy in European women (3). In 2020, 

2.26 million new cases were reported globally. 

Moreover, breast cancer ranks as the leading 

cause of cancer-related death among women 
worldwide (4, 5). In the last decade, there has 

been a notable improvement in the prognosis of 

breast cancer (6). This improvement can be 
attributed partially to earlier diagnoses (e.g., 

screening programs) and the development of 

treatment advances and personalized medicine 

(6-8). Moreover, these advancements have led 

to a significant reduction in mortality rates 

associated with breast cancer. Conversely, the 

increase in survival rates has led to greater 

awareness of side effects that pose life-

threatening risks and cause long-term 

morbidity. Cardiac toxicity emerges as a 

prominent concern associated with adjuvant 

treatments for breast cancer. It is associated 

with an increased risk of cardiac damage, 

including left ventricular (LV) dysfunction, 

heart failure (HF), vascular disorders, 

arrhythmias, and ischemia (6, 9). 

 

Cardiotoxic adverse effects of 
doxorubicin – Anthracyclines, including 

doxorubicin (DOX), are highly potent and 
widespread cytotoxic drugs used to treat 

various cancer types, such as leukemia, 

sarcomas, breast cancer, and lymphomas. Each 
year, approximately one million cancer patients 

undergo anthracycline treatment, with around 

32% of breast cancer patients (10, 11). The 

successful use of DOX has been hindered by its 

dose-dependent, irreversible cardiotoxic side 

effects, which may occur during treatment or 

persist for many years after chemotherapy 

cessation (1, 11). For example, DOX is 

associated with a 5% incidence of congestive 

heart failure when a cumulative lifetime dose of 

400 mg/m2 is reached, and higher doses lead to 
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an exponential increase in risk, up to 48% at 

700 mg/m2 (12). Several definitions exist for 

diagnosing cardiotoxicity. Additionally, pre-

existing heart conditions, established 

cardiovascular risk factors, female sex, and age 

are significant factors that influence the 

development of DOX-induced cardiotoxicity 

(12, 13). In addition, approximately 15% of 

patients treated with anthracyclines die because 

of cardiovascular diseases (CVD) (14, 15). This 

highlights a major concern in the field of 

cardio-oncology due to its comparable risk to 

cancer mortality itself (16).   

 

Mechanisms of DOX-induced 

cardiotoxicity – DOX uses multiple molecular 
mechanisms to disrupt tumor growth. On one 

side, DOX can induce DNA damage by 

elevating the production of reactive oxygen 

species (ROS), resulting in oxidized 

nucleotides, base mismatches, point mutations, 

and single-strand breaks in the DNA (17). On 

the other hand, it intercalates into DNA, 

forming bulky adducts and crosslinks that 

disrupt DNA replication and transcription. 

DOX blocks the function of topoisomerase II 

(TOP2), which is essential for DNA replication. 

In this way, it interferes with the helical 

unwinding of DNA and activates a DNA 

damage response, which leads to apoptosis (17-

19). There are two forms of TOP2, namely 

TOP2 and TOP2. TOP2 is overexpressed 

in rapidly dividing cells, like tumor cells, and 

TOP2 is expressed in various tissues, 

including cardiomyocytes (20). Due to the 

highly elevated expression of TOP2 in cancer 

cells, DOX treatment has a high efficacy. 

Nonetheless, DOX induces cardiotoxicity by 

inhibiting TOP2, ultimately leading to 

cardiomyocyte death (18). The increase in 

oxidative stress arising from the imbalance 
between ROS and antioxidants has been 

suggested as a secondary mechanism 
contributing to the cardiotoxic effects of DOX. 

The formation of ROS is induced by the 

reduction of DOX to a semiquinone form, 

catalyzed by mitochondrial NADH 

dehydrogenase and P450 reductase. 

Semiquinone can readily react with oxygen to 

generate superoxide anions (O2
•−), which may 

further transform into other ROS or reactive 

nitrogen species. This redox cycling process 

amplifies oxidative stress production (19, 21, 

22). Since cardiomyocytes contain a high 

concentration of mitochondria, a major 

subcellular target of DOX (21). Furthermore, 

DOX induces iron accumulation in the 

mitochondria, disrupting iron homeostasis and 

increasing ROS production (23). In the 

presence of iron, DOX can form Fe3+-DOX 

complexes, which catalyze Fenton's reaction. 

This reaction converts hydrogen peroxide 

(H2O2) into various ROS species, including the 

highly reactive and cytotoxic hydroxyl radicals 

(OH−) (19). Ultimately, this can result in lipid 

peroxidation-dependent ferroptosis, a form of 

iron-dependent programmatic cell death (24, 

25). DOX-induced cardiotoxicity leads to 

structural abnormalities such as myofibrillar 

disorganization and mitochondrial decay in 
cardiomyocytes, resulting in apoptosis (23). 

Consequently, the heart undergoes structural 

changes characterized by a weakened heart 

muscle, an enlarged LV, and a reduced LV 

ejection fraction (LVEF) of >5% in 

symptomatic patients (or >10% reduction in 

asymptomatic patients) (26, 27). Ultimately, 

this can result in cardiac dysfunction, such as 

HF, cardiac arrhythmias, and adverse vascular 

events (9, 26, 28).  

 

Current therapies to counter 
cardiotoxicity – To date, there is no adequate 

therapy to overcome DOX-induced 

cardiotoxicity or to protect the cardiovascular 

system. However, studies have investigated less 

toxic alternatives such as liposomal-

encapsulated DOX, cardiovascular drugs, and 

coadministration of other therapeutics (29, 30). 

Despite these efforts, these therapeutics do not 

provide cardioprotective against DOX-induced 

cardiotoxicity. In addition, cardioprotective 

approaches have been investigated, including 

monitoring of cardiac function and dose 

reductions of DOX to reduce the frequency of 

cardiac events linked to DOX chemotherapy. 

Still, some patients who receive low or 

moderate anthracycline doses experience HF 

(29). Dexrazoxane (DRZ) is the only drug 

demonstrated to have protective effects in 

preclinical and clinical settings (31). Concerns 

regarding the interference of DRZ with the 

antitumor activity of DOX, a higher incidence 

of secondary cancers, and the high cost have 

restricted the use of DRZ in clinical settings 

(29, 30, 32). In conclusion, DOX is still the 

most effective chemotherapy for breast cancer 

patients as it increases patients' life expectancy. 

Therefore, it is undeniable that preventing or 
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reducing the risk of cardiotoxicity is crucial 

from a therapeutic perspective. A strategy that 

prevents or diminishes the risk of cardiotoxicity 

without impairing the effectiveness of DOX 

chemotherapy continues to be a major 

challenge. Moreover, research has 

demonstrated that the sensitivity and efficacy of 

cardioprotective therapy diminish as the time 

interval between the onset of cardiotoxicity and 

the initiation of therapy increases (33). 

Consequently, it is essential to develop 

effective strategies for early detection of 

cardiac damage and accurate monitoring of 

DOX-induced cardiotoxicity (34).  

 

Detection of cardiotoxicity – 
Identifying myocardial damage in its 

subclinical phase is crucial to prevent myocyte 

loss. It could limit the development of 

irreversible cardiac injury, increasing the 

survival of cancer patients (35). 

Echocardiography is the most applied 

technique to detect cardiotoxicity before, 

during, and after anthracycline therapy by 

measuring LVEF. This non-invasive method 

thoroughly evaluates the cardiac systolic 

function, diastolic function, volumes, and wall 

motion abnormalities (36). Two-dimensional 

echocardiography (2DE) is the most prevalent 

method for assessing LVEF in cancer patients 

at cardiotoxicity risk. It is an effective method 

to safely detect LVEF with high repeatability 

and wide availability. Furthermore, it is 

relatively inexpensive compared to other 

imaging techniques, such as cardiac magnetic 

resonance (CMR). The major limitation of this 

technique is the lack of sensitivity in detecting 

subclinical myocardial injury. Additionally, 

poor image quality, inadequate apex 

visualization, LV geometric assumptions, and 

abnormalities in regional wall motion are other 

limitations (36-38). Currently, three-

dimensional echocardiography (3DE)  is used; 

here, no geometric assumptions are made (37). 

Moreover, relative to traditional 2DE 

approaches, this method has lower temporal 

variability and improved intra- and 

interobserver consistency. In contrast, 3DE is 

expensive and has limited availability (39). 

However, cardiac injury can appear before a 

decrease in LVEF is measurable. Therefore, 

utilizing LVEF as the single echocardiography 

parameter is insufficient to diagnose 

cardiotoxicity at an early stage (40). New 

evaluation methods, including global 

longitudinal strain (GLS), assessment of right 

ventricular (RV) function, and myocardial work 

(MW), all report earlier identification of cardiac 

dysfunction (41). However, in preclinical 

studies, echocardiography is the preferred 

method for assessing cardiac function in 

rodents and evaluating the LV function in case 

of cardiotoxicity. Similar to its application in 

humans, echocardiography offers the 

advantages of being non-invasive, safe, 

reproducible, readily accessible, and cost-

effective (42). Four-dimensional 

echocardiography (4DE) is the primary choice 

for evaluating LV function in rodents, and 

LVEF is the most commonly used parameter to 

detect DOX-induced cardiotoxicity (2). 
However, like LVEF in humans, there is an 

urgent need for other parameters to detect 

myocardial changes early. To date, there has 

been a lack of other echocardiographic 

parameter studies to detect LV dysfunction 

during DOX treatment in rodents.  

 

To further study the onset and progression of 

DOX-induced cardiotoxicity and to identify 

echocardiographic parameters for early 

detection of cardiotoxicity, we employed 

different echocardiography modalities in an 

experimental rat model of DOX-induced 

cardiotoxicity. In our study, we evaluated the 

onset of DOX-induced cardiotoxicity and 

alternations in echocardiography parameters 

over time. Moreover, we aimed to evaluate the 

diagnostic performance of different 

echocardiographic modalities and assess 

echocardiographic consistency between two 

researchers. Based on our study objectives, we 

hypothesize that DOX-induced cardiotoxicity 

is detectable by changes in multiple systolic and 

volume echocardiographic parameters before 

the final DOX injection at eight weeks. 

Additionally, we propose that 4DE will prove 

to be the most reliable and preferred method for 

these assessments. We expect minimal 

interobserver variability in echocardiographic 

measurements across all modalities. 

 

EXPERIMENTAL PROCEDURES 

Animal experiments – All animal 

experiments were conducted according to EU 

Directive 2010/63/EU for animal testing and 

approved by the local ethical committee 

(Ethical Commission for Animal 

Experimentation, UHasselt, Diepenbeek, 

Belgium, ID 201942 and ID 202154). The 
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animals received a standard pellet diet and 

water with ad libitum access. Rats were group-

housed in standard cages with cage enrichment 

at the conventional animal facility of UHasselt. 

The environmental conditions were rigorously 

controlled, with a constant temperature of 22 °C 

and humidity levels maintained within the 22–

24% range. 

 

Study design – Six-week-old Female 

Sprague Dawley rats (Janvier Labs, Le Genest-

Saint-Isle, France) were randomly divided into 

two groups. The first group received DOX (N = 

14, 2 mg/kg intravenously, sourced from 

Accord Healthcare B.V., Utrecht, The 

Netherlands) once a week for eight weeks (with 
a cumulative dose of 16 mg/kg). The second 

group received an equivalent volume of 0.9% 

saline (CTRL; N = 14) once a week for eight 

weeks. The protocol and cumulative dose 

employed for inducing chronic DOX 

cardiotoxicity adhere to current guidelines for 

preclinical models in cardio-oncology (43). 

Transthoracic echocardiography was conducted 

at baseline, and four, six, and eight weeks after 

treatment initiation to evaluate LV parameters. 

Subsequently, the animals were sacrificed using 

an overdose of sodium pentobarbital (150 

mg/kg intraperitoneal, Dolethal, Val d’ hony 

Verdifarm, Beringen, Belgium).  

 

Echocardiography – Rats were 

anesthetized with 2% isoflurane supplemented 

with oxygen. In vivo cardiac function was 

assessed by transthoracic echocardiography 

using a Vevo® 3100 high-resolution imaging 

system equipped with a 21-MHz transducer 

(FUJIFILM Visual- Sonics, Inc., Amsterdam, 

The Netherlands) at baseline, and four, six and 

eight weeks after the first DOX injection, 

conforming to Zacchigna et al.'s standards (42). 

The thoracic region of the rats was shaved. 

Depilatory cream was administered to prevent 

artifacts from hair. Subsequently, the rats were 

positioned in a supine position. The vital 

physiological parameters (including heart rate, 

respiratory rate, body temperature, and ECG 

signals) were non-invasively monitored using 

the provided Vevo Imaging Station. Both 

parasternal long-axis and short-axis views at the 

mid-ventricular level were obtained using 

brightness (B)-mode and motion (M)-mode. 

Additionally, 4DE images and apical four-

chamber views were captured. M-mode images 

from the parasternal short-axis were obtained to 

measure LV anterior and posterior ventricular 

wall thickness, longitudinal and radial LV 

fractional shortening (LVFS), and LV internal 

diameters in systole and diastole to calculate 

systolic and volume parameters. LV end-

systolic and end-diastolic areas were 

determined from parasternal long-axis views in 

B-mode (EKV) by tracing the LV endocardial 

border during end-systole and end-diastole. 

Based on these parameters, other systolic and 

volume parameters can be measured. 4D views 

were utilized to measure LV end-systolic and 

end-diastolic volumes (LVESV and LVEDV), 

LV stroke volume (LVSV), LVEF, and LV 

cardiac output (LVCO). LVSV and LVCO 
were normalized to body surface area (BSA) 

and presented as the LVSV index and LV 

cardiac index. Mitral flow was evaluated from 

apical four-chamber views in B-mode using 

Pulsed-Wave (PW) Doppler mode to estimate 

diastolic function and calculate the E/A ratio of 

peak flow velocity in early versus late filling. 

Tissue Doppler mode assessed peak septal 

mitral annulus velocity in the early filling phase 

(E′), with measurements averaged from at least 

two cycles. The peak mitral flow- to annular 

velocity (E/E′) ratio was subsequently 

calculated. Analyses were performed using 

Vevo® LAB (Vevo® LAB software, version 

5.6.1, FUJIFILM VisualSonics, Inc.). Two 

blinded researchers independently analyzed all 

echocardiographic images.  

 

Statistical analysis – Statistical analysis 

was performed using GraphPad Prism 

(GraphPad Software, version 10.2.0, San 

Diego, CA, USA). The normal distribution of 

data was assessed using the D’Agostino & 

Pearson normality test. For parameters 

measured at multiple time points, the data were 

compared with repeated measures, mixed-

effects analysis followed by the Bonferroni post 

hoc test. To compare the different 

echocardiography modes (4DE, M- and B-

mode) at eight weeks, the data were compared 

with the parametric one-way ANOVA test 

followed by the Bonferroni post hoc test. 

Bland-Altman plots were generated to assess 

the agreement of measurement and 

reproducibility of systolic and volume 

functions among the three echocardiographic 

modes, calculating the bias with corresponding 

limits of agreement (95% SEM of the mean 

difference). 
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For every Bland-Altman plot, the difference 

between the two methods is assessed in relation 

to the mean value of the parameter of interest 

measured by the two methods. For normally 

distributed data, an unpaired t-test was used to 

compare the data of researchers one and two. 

Correlation between continuous variables was 

evaluated using Pearson’s correlation test. 

Correlation coefficients (r) were computed, and 

variables were fitted as linear regression curves. 

The choice to perform these statistical tests to 

assess reproducibility was based on the 

practical guide to assess the reproducibility of 

echocardiographic measurements (44). Outliers 

were detected utilizing the ROUT method, 

aiming for a maximum desired False Discovery 

Rate of 1%, adhering to this criterion 

established a priori. All data are presented as 

mean ± standard error of the mean (SEM). 

Statistical significance was defined as p<0.05. 

 
RESULTS 

DOX cardiotoxicity manifests at six 

weeks, with increased discernibility after eight 

weeks for systolic and volume functions – To 

examine the onset timing of DOX-induced 

cardiotoxicity and alternations in 

echocardiography parameters over time, 

echocardiography assessments were conducted 

at different time points. At baseline, cardiac 

parameters of DOX-treated rats were 

comparable to CTRL (Figures S1 & S2). At six  

weeks post-treatment, DOX significantly 

decreased left LVEF (p<0.05) and radial LVFS 

(p<0.05), while longitudinal LVFS and LV 

cardiac index did not change compared to 

CTRL (Figure 1). At week 8, DOX 

significantly reduced all systolic function 

parameters (p<0.0001 for LVEF, longitudinal 

and radial LVFS, and p<0.001 for LV cardiac 

index) (Figure 1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

Fig. 1 – LVEF and radial LVFS are reduced after six weeks post-DOX treatment. (A-D) LVEF 

(A), longitudinal LVFS (B), LV cardiac index (C), and radial LVFS (D), at baseline, weeks 4, 6, and 

8 in CTRL (N=14) and DOX (N=14) animals. LVEF and LV cardiac index were measured with 4D-

mode. Longitudinal and radial LVFS were measured with PSLAX B-mode and PSSAX M-mode, 

respectively. The LV cardiac index represents the cardiac output normalized to the body surface area 

(BSA). Data are presented as mean ± SEM.  *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. LV, 

left ventricle. LVEF, left ventricular ejection fraction. LVFS, left ventricular fractional shortening. 
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Concerning volume parameters, after six 

weeks, for the DOX group, a significant rise in 

all parameters, LVESV and LVEDV 

(p<0.0001), and LVSV index (p<0.01) was 

observed (Figure 2). Furthermore, regarding 

systolic function, no significant differences 

between CTRL and DOX groups were observed 

before eight weeks (Figure 1S). After eight 

weeks of treatment, DOX-treated rats presented 

a 29% reduction in LVEF (p<0.0001), a 45% 

reduction in longitudinal LVFS (p<0.0001), 

and a 40% reduction in radial LVFS (p<0.0001) 

compared to CTRL (Figure S1 A-B & D). 

Considering volume function, after six and 

eight weeks of treatment, LVESV and LVEDV 

increased in the DOX group compared to CTRL 

(Figures S2 A & B). Diastolic function (E/A 

and E/E’) was unchanged following eight 

weeks of DOX administration (Figure S3). 

Representative echocardiographic pictures of 
M-mode, B-mode, and 4D-mode for CTRL and 

DOX animals at eight weeks are shown in 

Figure S4. 

 

B-mode echocardiography exhibits 
significantly inferior reproducibility for 

systolic and volume functions. – To evaluate 

differences in measurements and 

reproducibility of systolic and volume 

functions among the three echocardiographic 

modes, Bland-Altman plots were created. Our  

 

results pertaining to systolic function indicate 

that the three echo modalities exhibit 

comparable results when assessing LVEF and 

LVCO (Figure 3A&E). Regarding LVEF, the 

bias of all compared modes closely approaches 

zero with narrow limits of agreement. This 

indicates a high level of reproducibility 

between the two modes in each instance, 

although the bias of B-mode is higher (Figure 

3B-D). Furthermore, regarding LVCO, B-mode 

shows broad limits of agreement compared to 

M-and 4D-mode, and the bias in B-mode 

comparisons is higher (Figure 3F-H). 

Comparing the various echo modes for volume 

parameters, a pronounced and significant 

difference emerges between B-mode and M-

mode concerning LVSV (p<0.05) and LVEDV 

(p<0.01) (Figure 4A&E), a distinct trend is 

observed for LVESV (p=0.07) (Figure 4I). In 

relation to LVSV, all Bland-Altman plots 
consistently exhibit wide limits of agreement 

and substantial bias (Figure 4B-D). Notably, B-

mode stands out, particularly when compared to 

4D mode, in which the limits of agreement are 

markedly high. Moreover, a greater bias is 

observed in comparisons involving B-mode 

(Figure 4C-D). For LVESV, the limits of 

agreement are widest in B-mode versus 4D-

mode comparison (Figure 4G). Substantial bias 

is evident in B-mode comparison with both 4D- 

and M-mode (Figure 4G&H).  

 

Fig. 2 – LVSV index and LVEDV reveal increased heart volumes following six weeks of DOX 

treatment. (A-C) LVESV/BSA (A), LVEDV/BSA (B), and LVSV index (C) at baseline, weeks 4, 

6, and 8 in CTRL (N=14) and DOX (N=14) animals.  LVESV, LVEDV, and LVSV index were 

measured with 4D-mode. The LVSV index represents by LVSV normalized to the body surface area 

(BSA). LVESV and LVEDV were also normalized to BSA. Data are presented as mean ± SEM. 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. LVESV, Left ventricular end-systolic volume. 

LVEDV, Left ventricular end-diastolic volume. LVSV, Left ventricular stroke volume. 
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Similar findings are observed in LVEDV but 

are even more pronounced (Figure 4J-L). In the 

comparison between 4D and B-mode, the limits 

of agreement are notably wide (Figure 4K). 

Additionally, in all three comparisons, the bias 

is considerably high (Figure 4J-L). 

 

 

Minimal interobserver variability in 

systolic and volume measurements – Another 

crucial aspect to consider when assessing 

reproducibility is the variability between 

researchers. To explore this, correlation plots 

for systolic and volume measurements were 

generated between two researchers.  

 
Fig. 3 – 4D mode has the strongest reproducibility in the echocardiography measurement for 

systolic function (A-H). Comparison of LVEF (A) and LVCO (E) for different echo modes, 4D, B-

mode, and M-mode. Bland-Altman plots of LVEF (B-D) and LVCO (F-H) for agreement between 

different echo modes. Difference between 4D and M-mode for LVEF (B) and LVCO (F), the 

difference between 4D and B-mode for LVEF (C) and LVCO (G), and the difference between B-

mode and M-mode for LVEF (D) and LVCO (H). The mean value is shown with the full line, and the 

Bland-Altman limits of agreements are shown with the dotted line. All measurements were performed 

with DOX-treated animals (N=14), after 8 weeks of treatment. Data are presented as mean ± SEM. 

LVCO, Left ventricular cardiac output. LVEF, Left ventricular ejection fraction. 
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No significant differences between the 

researchers were observed (Figure 5A, C&G), 

except for longitudinal LVFS (p<0.05) (Figure 

5E). Furthermore, for almost all systolic 

parameters, the correlation coefficient (r) 

ranged from 0.79 and 0.93, signifying a highly 

robust correlation (Figure 5B, D&H). Only 

longitudinal LVFS had an r-value of 0.12, 

indicating a weak correlation (Figure 5F). 

Volume assessments showed no disparity 

between the two researchers (Figure 6A, C&E). 

Similarly, the correlation coefficients ranged 

from 0.74 to 0.97, indicating a powerful 

correlation (Figure 6B, D&F). 

 

DISCUSSION 

 

Although anthracyclines, including DOX, are 

widely used as an anticancer chemotherapeutic 

drug, their clinical application is limited due to 

cumulative dose-related cardiotoxicity (1). 

DOX causes myocyte injury, resulting in 

cardiac dysfunction, such as HF (6). Early 

detection of DOX-induced myocardial 

dysfunction is crucial to increase the survival of 

cancer patients. To date, echocardiography 

measurement of LVEF is the most common 

technique to detect cardiotoxicity. However, 

LVEF remains insensitive in identifying the 

first indication of myocardial damage (36). This 
study shows that DOX-induced cardiotoxicity 

can be detected six weeks after the first DOX 

injection, with a dose of 12 mg/kg, by a reduced 

LVEF, LVFS, LVESV, LVEDV, and LVSV 

index, intensifying by eight weeks of treatment 

with a dose of 16 mg/kg DOX. Furthermore, 

compared to M-mode and 4D-mode, B-mode 

echocardiography demonstrated significant 

variability, which reduced its reliability for 

evaluating LV systolic function and volumes. 
Lastly, except for longitudinal LVFS, strong 

correlations were observed in systolic and 

volume measurements among two researchers.  

 

 
Cardiotoxicity detection encompasses 

multiple parameters in addition to LVEF – Six-

week-old Female Sprague Dawley rats were 

weekly treated with DOX (2 mg/kg) or saline 

solution intravenously for eight weeks. The 

cumulative DOX dose of 16 mg/kg corresponds 

to the clinically relevant dose of 592 mg/m2 

given to cancer patients (45). This choice also 

facilitates comparison with future studies 

employing a model of combined breast cancer 

and DOX-induced cardiomyopathy, as well as 

addresses the underrepresentation of females in 

preclinical research. Consistent with clinical 

observations (9, 46), we observed a dose-

dependent cardiotoxicity in our rats after eight 

weeks of DOX treatment. This was noted as LV 

dilated cardiomyopathy and characterized by 

elevated LV volumes, a decrease in stroke 

volume index, and a decline in all systolic 

parameters (LVEF, longitudinal and radial 

LVFS, and LV cardiac index). These results 

resemble the clinical phenotype of DOX-

treated patients and show the reliability and 

translatability of our DOX-induced 

cardiotoxicity rat model. However, this study 

aimed not only to confirm the occurrence of 

cardiotoxicity in our rat model but also to 

determine the onset of DOX-induced 

cardiotoxicity. LVEF is described as the 

standard echocardiography parameter to detect 
cardiotoxicity. Here, we aimed to identify 

alternations in other systolic, diastolic, and 

volumetric parameters over time. Our data 

indicate that DOX-induced systolic and volume 

function impairment manifests as early as six 

weeks with a dose of 12 mg/kg DOX for most 

parameters, with increased discernibility 

observed after the last DOX injection with a 

final dose of 16 mg/kg at eight weeks. This 

demonstrates that echo parameters can reveal 
DOX-induced cardiotoxicity even before DOX 

treatment is completed.  

 

Fig. 4 – M-mode emerges as a more dependable method than B-mode for volumetric 

measurements (A-L). Comparison of LVSV (A), LVESV (E) and LVEDV (I) for different echo 

modes, 4D, B-mode, and M-mode. Bland-Altman plots of LVSV (B-D), LVESV (F-H), and LVEDV 

(J-L) for agreement between different echo modes. Difference between 4D and M-mode for each 

volume parameter (B, F, J), the difference between 4D and B-mode for each volume parameter (C, 

G, K), the difference between B-mode and M-mode for each volume parameter (D, H, L). The mean 

value is shown with the full line, and the Bland-Altman limits of agreements are shown with the 

dotted line. All measurements were performed with DOX animals (N=14) 8 weeks after treatment. 

Data are represented as mean ± SEM. *p<0.05, **p<0.01. LVSV, Left ventricular stroke volume. 

LVESV, Left ventricular end-systolic volume. LVEDV, Left ventricular end-diastolic volume. 
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Fig. 5 – Variation between the two researchers is evident in longitudinal LVFS measurement 

for systolic function. (A-H) Comparison between researchers 1 and 2 for LVEF (A), LVCO (C), 

longitudinal LVFS (E), and radial LVFS (G). Correlation between researchers 1 and 2 for LVEF (B), 

LVCO (D), longitudinal LVFS (F), and radial LVFS (H). All measurements were performed with 

DOX animals (N=14) 8 weeks after treatment. Data are represented as mean ± SEM. *p<0.05. LVCO, 

Left ventricular cardiac output. LVEF, Left ventricular ejection fraction. LVFS, Left ventricular 

fractional shortening.  
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Chan et al. also showed this systolic and 

volumetric impairment when treating male 

mice once a week for four weeks with a 

cumulative dose of 24 mg/kg with DOX. After 

28 days, DOX decreased LVFS, LVEF, and 

LVCO and increased LVESV relative to control 

(47). Multiple studies have reported a decline in 

LVEF, either after eight weeks when a 

cumulative dose of 2.5 mg/kg/week for eight 

weeks was given or after five weeks with a 

cumulative dose of 16 mg/kg for four weeks  

(34, 48). Xiang et al. demonstrated a decrease 

in LVCO in DOX-treated rats after six weeks 

with a dose of 15 mg/kg DOX compared to 

control, and a decline in LVFS was seen after 

nine weeks. The rats received 2.5 mg/kg DOX 
weekly for six weeks (49). Another study that 

treated rats with a dose of 1.5 mg/kg weekly for 

eight weeks showed a reduced LVFS after nine 

weeks of DOX treatment with a total dose of 12 

mg/kg. No differences were detected at six 

weeks with a dose of 9 mg/kg DOX (50). 

Nevertheless, some studies did not find an 

impaired systolic function after eight weeks. 

For example, Chakouri et al. showed a decrease 

in LVEF and LVFS one month after the last 

injection. Rats were treated with cumulative 

doses of DOX (7.5, 10, or 12.5 mg/kg) once a 

week for six weeks (51). Two other studies 

reported no differences in LVEF and LVFS, 

their treatment periods were three and four 

weeks, with treatment doses of 3 mg/kg twice a 

week and 10 mg/kg/week, respectively (52, 53). 

The study of McLean et al. showed a reduction 

in LVSV after six weeks with a cumulative dose 

of 40 mg/kg DOX (53). Regarding diastolic 

function, our findings showed no changes in 

E/A and E/E’ after DOX treatment. 

Notwithstanding, given that diastolic function 

precedes systolic dysfunction, the literature 

suggests conducting a comprehensive 

evaluation of diastolic function. A change in 

diastolic function was seen by the reduction in 

E’/A’ or E/E’ in DOX-treated animals 

compared to controls in multiple studies (34, 

47). Our divergent results may be elucidated by 

the higher cumulative doses of DOX used in 

other studies, suggesting that changes in 

diastolic function might only occur after a 

certain dose of DOX. Additionally, it has not 

been demonstrated in either preclinical or 

clinical studies that DOX causes changes in LV 

diastolic function (54). Lastly, 

echocardiographic parameters of diastolic 

function are influenced by variations in cardiac 

load, cardiac rhythm, age, and differences in 

measurement techniques, which could explain 

the opposing findings within different studies 

(55). While our findings align with some 

studies, discrepancies with others may be 

explained by variations in cumulative dose and 

time intervals at which DOX was administered 

across the various studies. Moreover, it is 

important to note that our study performed 

4DE, whereas other studies employed M-mode 

or B-mode. Research has shown that 4DE is 

significantly more accurate with much lower 

temporal variation as there is no need for 

geometric assumptions (42, 56). Furthermore, 

Stegmann et al. demonstrated that results 

provided with 4DE are as precise as 4D CMR 
and highly reproducible, suggesting that 4DE 

can be seen as the method of choice for cardiac 

imaging (57). Differences in results may be due 

to variations in sample size, body weight, dose 

factors, subject species, or treatment regimen. 

A higher dose of DOX over a short period of 

time gives rise to acute myocardial stress and 

dysfunction. Whereas a lower dose over a more 

extended time period leads to congestive heart 

failure (58, 59). Chronic cardiotoxicity is 

characterized by changes in LV geometry, 

characterized by thinning of the ventricular 

wall, and dilation of the ventricular chamber. 

Altogether, our study shows that chronic 

cardiotoxicity can be demonstrated in week six 

after a cumulative dose of 12 mg/kg DOX using 

echocardiography. In addition to LVEF, 

changes in LVFS and LVCO index regarding 

systolic function and LVESV regarding volume 

function can also serve as functional parameters 

to detect early DOX cardiotoxicity in 

preclinical models when using 4DE. 

 

B-mode echocardiography is not as 
reproducible as previously thought – 

Echocardiography offers a reliable, cost-

effective, and widely accessible technique for 

evaluating cardiac function in both human and 

small animal imaging (60). Multiple 

echocardiography modalities, M-mode, B-

mode, and 3D/4D mode, are available to 

determine the heart function. The prevailing 

choice for evaluating LV systolic and volume 

functions is 4DE (2). However, there is a 

shortage of direct comparisons among 4DE, B-

mode, and M-mode for various systolic, 

diastolic, and volume parameters, particularly 

regarding reproducibility and variability in 

DOX-induced rats.  
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M-mode can be utilized to assess the systolic 
function and LV size by measuring the wall 

thickness. However, from parasternal views, it 
only provides information about two opposing 

myocardial walls, the anteroseptum and the 

posterior wall. Therefore, M-mode is not the 

preferred method due to its assumption of 

ellipsoid geometry for volumetric 

measurements (42, 57). B-mode generates 2D 

views of the heart (short or long axis). It enables 

the assessment of systolic and diastolic 

measurements along with indices of cardiac 

function such as LVCO, LVSV, LVEF, and LV 

volumes (42, 61). These parameters can be 

measured in both B-mode imaging views,  

 

namely, single- and multiplane evaluation. 
Using the single plane of the parasternal long-

axis, LV length at end-diastolic and end-
systolic are measured to calculate the LVEDV 

and LVESV, based on these calculations, other  

systolic parameters can be determined. This 

imaging view is not preferred due to inaccuracy 

because of geometrical assumptions similar to 

M-mode. The multi-plane parasternal short-

axis view enables more accurate and reliable 

measurement of ventricular volumes by using 

Simpson’s biplane method. With this method, 

the total LV volume is determined by summing 

a series of elliptical discs from the apex of the 

heart to the base. Systolic and diastolic LV 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Fig. 6 – Minimal variation observed between two researchers in volume measurements. (A-F) 

Comparison between researchers 1 & 2 for LVESV (A), LVEDV (C), and LVSV (E). Correlation 

between researchers 1 & 2 for LVESV (B), LVEDV (D), and LVSV (F). All measurements were 

performed with DOX animals (N=14) 8 weeks after treatment. Data are represented as mean ± SEM.  

*p <0.05. LVESV, Left ventricular end-systolic volume. LVEDV, Left ventricular end-diastolic 

volume. LVSV, Left ventricular stroke volume. 
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volumes are calculated by using Simpson’s rule  

(42, 61). For a more accurate assessment of 

cardiac volume and function without relying on 

geometrical assumptions, it is recommended to 

conduct 4DE. This modality enables the 

quantification of ventricular volumes and 

ensures an accurate EF% calculation. 4DE has 

certain benefits, including relatively low cost, 

rapid acquisition time, high spatial resolution, 

and strong agreement with CMR, which make 

it the first choice for correctly measuring LV 

systolic function and volumes (2, 42, 62).  

Zacchigna et al. recommend utilizing B-mode 

imaging to evaluate systolic function if 3D/4DE 

is unavailable. M-mode echocardiography 

should be restricted to measuring LV diameters 
and LVFS (42). Regarding systolic function, 

our results indicated that the different 

echocardiographic modalities provide 

comparable results when assessing LVEF and 

LVCO. The Bland-Altman plots for both 

parameters across the different echo modalities 

demonstrated a low bias, indicating a high level 

of reproducibility. For LVCO measurement, B-

mode showed broad limits of agreement and 

higher bias than 4DE and M-mode, suggesting 

that B-mode exhibits greater variability in 

LVCO measurement. When comparing 

different echo modalities for volume 

parameters, significant differences in volumes 

emerged between B-mode and M-mode. For 

LVSV, LVESV, and LVEDV, the Bland-

Altman plots exhibited the widest limits of 

agreement considering B-mode. Furthermore, 

comparing B-mode to 4DE, B-mode showed 

the highest bias among all modalities. In 

general, bias levels closer to zero indicate 

higher reproducibility. For B-mode, the bias for 

LVSV and LVESV was moderate, and LVEDV 

had a high bias, indicating low reproducibility. 

Moreover, volume measurements derived from 

B-mode tend to exhibit higher values than to 

those obtained through other modes. 

Altogether, these findings indicate that the data 

obtained from B-mode exhibit significant 

variability, rendering this technique less 

suitable for measuring volume function 

compared to 4DE and M-mode. Previous 

studies have demonstrated that 4DE 

significantly enhances the accuracy and 

reproducibility of LV function quantification 

when compared to B-mode echocardiography 

(56, 57, 63). This advanced imaging technique 

allows for real-time image analysis at multiple 

planes encompassing the LV. Global cardiac 

parameters such as LVEDV can be measured 

with fewer geometric assumptions than images 

acquired by 2D imaging, which is confirmed by 

our results; LVEDV measured with B-mode has 

the highest bias. 4DE uses ECG and respiratory 

gating to minimize motion artifacts during 

image reconstruction, leading to more 

consistent and reliable assessments of LV 

function (56). Nevertheless, the guidelines 

indicate that B-mode is preferable over M-

mode echocardiography (42). However, our 

results demonstrate less variability and a higher 

reproducibility for M-mode than B-mode. This 

can be attributed to the greater complexity 

involved in analyzing B-mode echo images, 

which are manually assessed by two 
independent researchers. Furthermore, we used 

the single-plane parasternal long-axis view 

instead of the more accurate Simpson’s method.  

Using Simpson’s method could make our 

measurements of systolic and diastolic LV 

volumes more accurate and potentially improve 

the reproducibility and reliability of this 

modality in our study. The accuracy of B-mode 

echocardiography depends on the researcher’s 

skill and experience in performing the echoes 

and the quality of the images. We suggest that 

different interpretations of the endocardial 

borders can lead to deviating and less reliable 

results. Therefore, in future studies, when 

assessing B-mode echocardiography, the use of 

Simpson’s rule may help to address these 

limitations and enhance the diagnostic 

performance of B-mode echocardiography. 

Conversely, with single-dimensional imaging, 

M-mode echocardiography minimizes the 

complexity and variability associated with 

geometric assumptions despite providing less 

detailed information about the heart's function. 

Furthermore, research indicates that semi-

automated contouring of the endocardial 

borders improves reproducibility in both 2DE 

and 3DE (64, 65). However, we did not have 

access to this semi-automated contouring 

program in our study. 

 

Strain measurement is not the most 

sufficient method for early detection in 
preclinical models – Multiple preclinical 

studies have utilized speckle-tracing 

echocardiography (STE) to detect 

abnormalities in myocardial deformation to 

predict cardiotoxicity (48, 66-68). These 

studies showed that alternations in radial strain 

could detect changes in LV systolic function 
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induced by DOX treatment earlier than 

reductions observed in traditional 

echocardiographic parameters such as LVEF 

and LVFS. This indicates that radial strain 

could be an effective early marker for detecting 

myocardial dysfunction. In clinical practice, 

GLS is the most extensively studied and most 

important STE-derived parameter to detect 

myocardium deformation in humans. STE is 

broadly employed in clinics due to its sensitive 

and reproducible detection of local impairments 

in cardiac contractility and its lack of angle 

dependency. Moreover, it has been 

demonstrated that GLS can detect early LV 

dysfunction before measurable changes in 

LVEF occur (42, 55, 69, 70). Contrarily, while 
myocardial strain imaging has emerged as an 

important modality for early cardiotoxicity 

detection in humans, preclinical studies do not 

reflect this trend. This is because STE is not 

entirely angle-independent, while ultrasonic 

images normally have a higher resolution along 

the ultrasound beam compared with the 

perpendicular direction. Moreover, the 

accuracy of STE depends upon optimal image 

quality. Furthermore, values obtained in the 

parasternal long-axis view in rodents may lack 

precision compared to human studies. 

Additionally, without established reference 

values for animal models, a more 

comprehensive utilization of this technology is 

necessary to ensure reproducibility and 

accuracy in defining such standards (42, 71). 

Once STE application in rodent studies is 

optimized, better defined, and standardized, it 

should be incorporated into future studies as a 

sensitive method to early detect DOX-induced 

cardiotoxicity.  

Consistency in echocardiographic 

measurements between researchers – Besides 
reproducibility of different echocardiographic 

modes, variation among researchers is also 

crucial for obtaining reliable results. Our data 
showed minimal variation between the systolic 

and volume measurements conducted by the 

two researchers. The study of Stegmann et al. 

showed an excellent agreement for inter-

observer measurements with 4DE, confirming 

our results. Moreover, this study showed a 

higher inter-observer reproducibility of 4DE 

than to B-mode (57). This finding underscores 

the superiority of 4D imaging as the optimal 

approach for obtaining the most reliable results, 

even when different researchers perform the 

scans. Only longitudinal LVFS showed a weak 

correlation between the measurements of the 

two researchers, suggesting substantial 

variation between the two researchers' 

measurements for this parameter. Nevertheless, 

longitudinal LVFS is determined using B-mode 

echocardiography. As previously mentioned, 

this method relies more on geometric 

assumptions, which makes this method more 

subjective. This subjectivity can lead to 

differences in interpretation and measurement 

among researchers. All together, these results 

underscore that B-mode echocardiography is 

suboptimal for cardiotoxicity detection. It 

emerges as the least reliable technique, 

compounded by significant interobserver 

variability. 

Limitations – In contrast to cancer patients 

who developed DOX-induced cardiotoxicity 

and often have multiple comorbidities, the rats 

used in this study were healthy and free of any 

comorbid conditions. The shared risk factors 

between cancer and CVDs, such as obesity, 

smoking, and diabetes, and shared 

pathophysiological mechanisms, including 

oxidative stress and inflammation, render their 

interaction of significant interest (72, 73). 

Moreover, there is also an overlap between 

pathways essential for normal cardiac 

physiology and tumor growth. Consequently, 

these overlaps may elucidate the elevated risk 

of cardiotoxicity and HF associated with 

targeted anticancer treatments (72, 74). 

Therefore, using a healthy animal model may 

not fully replicate the complex physiological 

conditions and the reciprocal relationship 

between HF and cancer. Accordingly, a follow-

up study with a tumor-induced rat model treated 

with DOX must be conducted to confirm our 

results. This study only includes 
echocardiographic measurements until the final 

DOX injection at week eight. Consequently, the 

evolution of cardiac function post-therapy 
could not be evaluated. The reproducibility of 

the different echocardiographic modes is only 

measured immediately after the last DOX 

injection.  Ideally, a temporal variability test 

would be performed to assess the techniques 

across the periods. Minimizing temporal 

variability can improve the accuracy and 

consistency of echocardiographic evaluations 

to make sure that measurements truly represent 

cardiotoxicity (75).  
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CONCLUSION 

In conclusion, our study underscores the time-

dependent manifestation of DOX-induced 

cardiotoxicity in a rat model, with discernible 

changes in LV systolic function and volumes 

becoming evident six weeks after a cumulative 

dose of 12 mg/kg DOX and intensifying after a 

cumulative dose of 16 mg/kg for eight weeks. 

Additionally, 4D-mode outperforms M-mode 

and B-mode echocardiography, suggesting 

4DE as the method of choice for evaluating 

cardiotoxicity in rodents. Moreover, minimal 

variation was observed in systolic and volume 

measurements conducted by two researchers, 

ensuring excellent reliability. These findings 

underscore the importance of early 

cardiotoxicity detection and careful 

echocardiographic assessment with the most 

appropriate modality possible in DOX-induced 

cardiotoxicity rodent models. Ultimately, 

echocardiography remains an essential 

diagnostic technique for the real-time 

evaluation of cardiovascular function and early 

detection of DOX-induced cardiotoxicity. 

 

Practical work during my senior internship 

My initial thesis project aimed to prove that 

pyridoxamine provides a cardioprotective 

effect in an orthotopic tumor-bearing rat model 

mimicking the clinical disease course of DOX-

induced cardiotoxicity. Therefore, female 

Sprague Dawley rats were injected with 

cultured LA7 mammary cancer cells. Two 

weeks post-tumor induction, no palpable tumor 

was detected in our rat model. Despite 

optimization, significant results were not 

achieved, leading to the discontinuation of the 

study.  Consequently, my practical work was 

shifted to a different study led by Ellen Heeren: 

‘How to mend a broken heart: combining 

CASCs with ELR hydrogel as a therapy to 

prevent progression from myocardial infarction 

to heart failure’. In this project, I utilized many 

techniques that are similar to those that would 

have been used in the initial project. This 

chapter provides an overview of the practical 

work carried out during my senior internship. 

Introduction – CVD significantly 

impacts global health, being the leading cause 

of mortality and morbidity worldwide and 

accounting for approximately 18 million deaths 

each year (76). Myocardial infarction (MI), a 

common clinical manifestation of CVD, can 

quickly progress to HF by damaging the 

ventricular tissue. This damage is caused by the 

reduction or blockage of blood flow through the 

coronaries during MI and leads to dramatic and 

irreversible loss of cardiomyocytes (77). Due to 

the heart’s limited regenerative capacity, the 

remaining cardiomyocytes are unable to 

regenerate and replace lost cells (78). 

Unfortunately, existing treatments for MI are 

insufficient to prevent its progression to HF. 

Stem cells have emerged as a promising 

approach to combat HF. Our research group has 

discovered a promising stem cell population, 
the Cardiac Atrial Appendage Stem Cells 

(CASCs), in the right atrial appendage of the 

heart. They can be identified based on their high 

aldehyde dehydrogenase (ALDH) enzyme 

activity (79). In vitro experiments have 

demonstrated that CASCs have a superior 

cardiomyogenic differentiation capacity 

compared to other types of cardiac stem cells 

(CSCs), making them particularly suitable for 

myocardial regeneration (80). Additionally, 

several in vivo studies showed that CASCs 

transplantation after MI preserved cardiac 

function by limiting cellular remodeling in a rat 

and minipig model, underscoring the 

therapeutic potential of CASCs in myocardial 

repair (81, 82). Nevertheless, after CASCs 

transplantation, the retention rate was only 

19%, indicating that only one-fifth of the 

injected cells remained at the injection site. This 

is due to the stress conditions in the ischemic 

environment post-MI (82). The poor retention 

rate after transplantation hinders the restoration 

of cardiac function by preventing CASCs from 

integrating in the myocardium and 

differentiating into cardiomyocytes. This 

underscores the urgent need for an alternative 

strategy to enhance the retention rate and 

protect the CASCs after transplantation into the 

MI environment (82). Recently, an extracellular 

matrix (ECM)-mimicking hydrogel was used to 

improve cardiac function after MI (7). This 

elastin-like recombinamers (ELR) hydrogel 

facilitates a matrix-dependent modulation of 

the integrity and functionality of CSCs that 

persist following ischemia post-MI (83). 

Therefore, we propose that embedding CASCs 

in ELR hydrogel will increase their retention 

rate by providing support and protection for the 

cells and, consequently, restore cardiac 
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function after transplantation in the peri-infarct 

zone of an ischemia/reperfusion rat model for 

MI. 

Testing the compatibility of CASCs and 

ELR hydrogel – In this study, we aimed to 

enhance the retention rate of CASCs by 

embedding them in an ELR hydrogel. This 

hydrogel was synthesized using catalyst-free 

click chemistry to cross-link two ELRs, namely 

HE5 and HRGD6 synthetic polypeptides. 

Moreover, the hydrogel features functional 

domains designed for cell adhesion and 

protease-sensitive cleavage sites, which are 

specifically cleavable by matrix 

metalloproteases that are overexpressed after 

MI. This design facilitates the biodegradation 

of the hydrogel, ensuring it provides essential 

support for the encapsulated cells during tissue 

regeneration and the formation of a new 

extracellular matrix (ECM). A previous study 

has demonstrated high viability of human 

foreskin fibroblasts in this ELR hydrogel (83). 

However, for the application with CASCs, it is 

crucial to establish that CASCs survive, 

proliferate, and migrate out of the hydrogel. 

First, we had to optimize the coagulation of the 

ELR hydrogel for a 96-well and 24-well plate. 

Therefore, different concentrations of the 

components and various experimental setups 

were applied to coagulate the ELR hydrogel 

with and without CASCs. The optimal 

concentrations to coagulate the gel were for 

both components HE5 and HRGD6, 

66,67mg/μL, wherein the gel comprises 25% 

CASCs or X-vivo medium, 57% HE5, and 18% 

HRGD6. Our results show that human and rat 

CASCs survive and proliferate in the ELR 

hydrogel. The following experimental setup 
was used to test the migration of CASCs in the 

hydrogel. CASCs were subjected to a starvation 

medium for two hours. Subsequently, they were 

harvested and resuspended in basal X-vivo 

medium with ELR hydrogel components to 

form a gel. A drop of this solution was 

dispensed in a 6-well plate. After coagulation, 

complete medium was added, and the hydrogel 

was placed in the IncuCyte live-cell imaging 

system to follow migration for ten days. 

 

Applying the CASCs-ELR combination 
therapy in vivo in a rat model for MI – CASCs 

were isolated from the right appendage of 

healthy eight-week-old female Sprague Dawley 

rats. First, we sacrificed the rats to isolate and 

perfuse the heart. The right atria of the heart 

tissue was then dissected, minced, and 

enzymatically digested. To specifically isolate 

CASCs, we used an Aldefluor staining, which 

targets ALDH-positive cells; this is a 

characteristic specific to CASCs. The mixture 

of right atria cells was sorted using flow 

cytometry, and CASCs were collected 

separately and cultured until they reached 

sufficient numbers for injection after 

approximately two weeks. Prior to surgery, 

baseline echocardiography was conducted to 

confirm the cardiac health of the animals at the 

start of the study. Therefore, the rats were 
shaved, and depilatory cream was applied to 

prevent hair-based artifacts. Rats were placed in 

a supine position, and parasternal long-axis and 

short-axis views at apical, mid-ventricular, and 

basal levels were acquired using M-mode and 

B-mode. Additionally, 4DE was performed, 

and the apical four-chamber view was used to 

perform pulsed wave Doppler imaging. At the 

same time, blood samples were collected from 

the lateral tail vein for later analysis. To 

establish the MI model, we permanently ligated 

the left anterior descending (LAD) coronary 

artery. The surgery was conducted as follows, 

left thoracotomy was performed in the third 

intercostal space to expose the heart. Afterward, 

the pericardium was opened, and the LAD was 

ligated. Successful ischemia was confirmed by 

observation of LV pallor immediately after 

ligation. Then, the chest was closed, and rats 

were extubated upon spontaneous respiration. 

The SHAM group underwent identical surgery 

without LAD ligation. One week after MI 

surgery, echocardiography was performed as 

described above, to confirm successful MI 

induction and to assess LVEF before injection 

with the respective therapies. To administer the 

therapy intramyocardially in the peri-infarct 

zone, echo-guided injection (EGI) was 

performed one week after MI surgery. Rats 

were randomly assigned to one of four MI 

groups: MI, MI with CASCs transplantation 

(MI + CASCs), MI with CASCs transplantation 

combined ELR hydrogel (MI + CASCs + H), 

and MI with only ELR hydrogel (MI + H) 

injection. Prior to EGI, ELR hydrogel was 

weighed and dissolved in basal X-VIVO 

medium overnight on ice. CASCs were 

harvested at passage two. For the CASCs 

therapy, 2 x 106 cells were dissolved in basal X-
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vivo medium in a construct either containing 

Matrigel for the MI + CASCs group or hydrogel 

for the MI + CASCs + H group. In the MI + H 

group, ELR hydrogel was injected. 

Intramyocardial EGIs were performed with a 

total volume of 80μL in the anterior cardiac 

wall around the peri-infarct zone. Four weeks 

post-injection, echocardiography was 

performed to assess the effect of the respective 

therapies on cardiac function, and blood was 

taken as described above. To evaluate the effect 

of the respective therapies on LV pressure 

changes, invasive hemodynamic measurements 

were performed right before sacrifice. Five 

weeks post-MI, rats were sacrificed to harvest 

the hearts to perform histological and molecular 
analysis. Transversal sections were made of a 

segment of the LV that contained the 

transmural infarction, fixed in 

paraformaldehyde, embedded in paraffin, and 

sectioned for histological examination. The 

remaining LV tissue was snap-frozen in liquid 

nitrogen and crushed into a fine powder for 

molecular analysis, such as gene expression 

analysis. 

 

My part in this in vivo study was to help with 

the CASCs isolation and maintenance and to 

prepare the different therapies for the EGI 

study. I prepared the rats for the 

echocardiography measurements by weighting, 

anesthetizing and shaving them, and took the 

blood samples. Moreover, I learned how to 

perform echocardiography and assisted with the 

MI operations and EGI injections. Lastly, I 

performed sacrifices and isolated the heart and 

organs. To discover the molecular mechanisms 

behind the CASCs hydrogel combination 

therapy, I checked gene expression in the 

isolated LV tissue for different hallmark genes 

of MI, such as genes for fibrosis, ROS, 

inflammation, and anoikis. First, interesting 

genes were searched, whereafter primers were 

designed, and qPCR was performed
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Fig. S1 – DOX reduces systolic function after eight weeks. (A-D) Percentage of LVEF (A), 

percentage of longitudinal LVFS (B), cardiac index (C), and percentage of radial LVFS (D), at 

baseline, weeks 4, 6, and 8 in CTRL (CTRL, N=14) and DOX (DOX, N=14) animals. LVEF and 

cardiac index were measured with 4D-mode. Longitudinal and radial LVFS were measured with 

PSLAX B-mode and PSSAX M-mode, respectively. The cardiac index was determined by 

normalizing the cardiac output to the body surface area (BSA). Data are represented as mean ± SEM.  

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. ns, not significant. LV, left ventricle. LVEF, left 

ventricular ejection fraction. LVFS, left ventricular fractional shortening. 

 

Fig. S2 – ESV and EDV increased after six weeks in DOX-treated animals. (A-C) ESV/BSA (A), 

EDV/BSA (B), and SV index (C) at baseline, weeks 4, 6, and 8 in CTRL (CTRL, N=14) and DOX 

(DOX, N=14) animals. ESV, EDV, and stroke volume index were measured with 4D-mode. The 

stroke volume index represents by stroke volume normalized to the body surface area (BSA). ESV, 

and EDV were normalized to BSA. Data are represented as mean ± SEM. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. ns, not significant. ESV, end-systolic volume. EDV, end-diastolic 

volume. SV, stroke volume 
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Fig. S3 – DOX cardiotoxicity does not change diastolic function. (A-B) E/A (A), and E/E’ (B) at 

baseline, weeks 4, 6, and 8 in CTRL (CTRL, N=14) and DOX (DOX, N=14) animals.  Data are 

represented as mean ± SEM. *p<0.05, **p<0.01. A mitral flow velocity in the late filling phase. E, 

mitral flow velocity in the early filling phase. E′, peak septal mitral annulus velocity in the early filling 

phase.  

 

Fig. S4 – Representative echocardiographic images at week 8. Representative images of M-mode 

obtained during parasternal short-axis view at mid-ventricular level with LV trace (A), B-mode during 

systole obtained during parasternal long-axis view at mid-ventricular level with LV trace (B), 4D 

reconstructed hearts during systole (C) at week 8 of CTRL and DOX.  
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