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Abstract 

Background: Cancer survivors treated with anthracycline-based chemotherapy have a high risk 

of developing anthracycline-induced cardiotoxicities, including cardiac abnormalities, 

endothelial dysfunction, and dilated cardiomyopathy. Notably, the imbalance of decreased nitric 

oxide (NO) production and increased reactive oxygen species has been shown to cause 

significant damage to cardiac tissue and mitochondria. Therefore, the aim of the current 

investigation was to determine if an inorganic dietary nitrate (NO3
-) supplementation period 

could restore normal cardiac function in cancer survivors with a history of anthracycline 

chemotherapy. Methods: Ten cancer survivors, 9 with breast cancer and 1 with lymphoma, 

completed the experiment. Standard and Tissue Doppler echocardiography were used to assess 

LV and carotid artery function during systole and diastole at rest. Results: There were no 

differences in ventricular-arterial coupling (p=0.10), arterial stiffness (p=0.38) or strain of the 

LV (p=0.49). However, NO3
- supplementation improved strain rate in early filling, early mitral 

septal wall annular velocity, and mitral A-wave velocity or late diastolic filling. Conclusion: 

Following NO3
- supplementation, cancer survivors with a history of anthracycline chemotherapy 

showed significant improvements in diastolic function compared to placebo treatments. These 

findings add support to the literature of the therapeutic benefits of inorganic dietary NO3
- 

supplementation on cardiovascular function in clinical populations.  
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Chapter 1 - Introduction 

Left ventricular (LV) dysfunction (1), endothelial dysfunction (38), and increases in arterial 

stiffness (5, 9) can occur within the months/years following receipt of anti-cancer anthracycline 

chemotherapy. Furthermore, this class of chemotherapy is known to promote unfavorable long-

term subclinical cardiovascular complications in cancer survivors (5-10 years after receipt of 

anthracyclines) that contribute to the progression in elevated cardiovascular disease morbidity 

and mortality rates (33). Hence, there is a growing need to provide cancer survivors with 

secondary strategies that may improve key parameters of cardiovascular health.  

 

Mechanistically, the pathophysiology of anthracycline-induced cardiotoxicity is associated with 

increased generation of reactive oxygen species (ROS) relative to antioxidant defenses (23, 28). 

This increase in ROS activity has multiple consequences, including increased lipid peroxidation, 

peroxynitrate (ONOO-) formation resulting in cell injury and calcium dysregulation that over 

time results in ventricular systolic and diastolic dysfunction, endothelial dysfunction, and 

increased arterial stiffness (14, 24, 37). One important pathway for the generation of 

peroxynitrate is through endothelial nitric oxide synthase-dependent mechanisms (42), resulting 

in decreased nitric oxide (NO) bioavailability and cGMP signaling. Given that NO is a vital 

signaling molecule for ventricular and vascular function; in its’ absence, individuals are at an 

increased risk of developing cardiovascular complications (50). 

 

Recently, orally ingested inorganic nitrates (NO3
-), which increase NO bioavailability via the 

nitrate-nitrite-nitric oxide pathway and high antioxidant capacity (22), have been explored as one 

potential therapeutic strategy in animals given anthracycline chemotherapy. Zhu et al. (2011) 
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demonstrated that CF-1 mice simultaneously receiving doxorubicin and NO3
- supplementation 

showed significant preservation of LV contractility, ejection fraction, systolic and diastolic 

pressures compared to the doxorubicin-only controls (52). In addition, Xi et al. (2012) showed 

that animals treated with doxorubicin on NO3
- supplementation had an inhibition of lipid 

peroxidation and H2O2 generation via the upregulation of an enzyme peroxiredoxin 3 (Prx3), 

which attenuates ROS production in the myocardial mitochondria (49). 

 

Given these preclinical findings, NO3
- supplementation may be a promising therapeutic agent for 

improving cardiovascular function in cancer survivors with a history of anthracycline 

chemotherapy. However, the efficacy of orally ingested inorganic NO3
- for improving 

parameters of cardiovascular health in these patients is entirely unknown. In this context, we 

hypothesized that inorganic NO3
- administration would improve standard 2D and Doppler-based 

indices of LV systolic and diastolic function, arterial stiffness, and ventricular-arterial coupling 

in human cancer survivors with a history of anthracycline chemotherapy treatment. 
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Chapter 2 - Methods 

Patients were eligible for inclusion in the present study if they had a history of breast cancer or 

lymphoma and had received anthracycline chemotherapy as part of their cancer treatment. 

Patients were excluded from participation if they had any of the following: were diagnosed with 

overt cardiovascular disease, diabetes, kidney disease, high risk of kidney stones, 

hemochromatosis, were a current smoker, or were currently taking antioxidant supplements (e.g., 

Glutathione, Quercetin, Vitamin C, Resveratrol, Selenium, Vitamin E or Fish Oil). Throughout 

the study, patients were instructed to maintain their regular diet and refrain from mouthwash, 

chewing gum, and alcohol, as alcohol has been shown to decrease the reduction efficacy of the 

nitrate-nitrite-nitric oxide pathway (48). All procedures were approved by the Kansas State 

University Institutional Review Board for research involving human subjects, and all standards 

conformed to the Declaration of Helsinki.  

 

This study was a prospective single-center, double-blind, randomized, placebo-controlled trial. 

All participants consumed 70 mL of concentrated nitrate-rich [NO3
-] beetroot juice supplement 

(BR; BEET IT Sport, James White Drinks Ltd, Ipswich, UK) containing [12.9 mmol NO3
-], or 

70 mL nitrate-depleted placebo (PL: blackcurrant juice cordial with negligible NO3
- content) 

once a day for 7 days (1-week daily dosing). Patients then entered a 7-10 day “washout” period 

before entering the opposing arm of the study (17). For all visits, the participants consumed the 

final juice supplement ~2 hours before the testing visit.  

 

 Experimental Procedures  

 



4 

 Nitrate and Nitrite  

 

Upon arrival to the laboratory, venous blood samples were drawn into lithium heparin 

vacutainers (Becton Dickenson, NJ) to evaluate circulating plasma nitrite [NO2
-] levels post 

supplemental periods. Immediately following the blood draw, blood samples were spun and 

plasma was collected and frozen until analysis. [NO2
-] analysis was performed within 30 minutes 

after the sample had thawed via chemiluminescence with an Ionic/Sievers NO analyzer (NOA 

280i, GE, Boulder, CO) in duplicates following the instrument calibration (8).  

 

 2-Dimmensional and Tissue Doppler Echocardiography 

 

Each participant was placed supine on an echocardiographic table that utilizes a unique tilt 

function to place the patients into the 45⁰  left-lateral decubitus position, while supporting the 

torso, hips, and legs. Three-lead electrocardiogram ECG was used to measure heart rate (HR). 

Following a 5 min acclimation period, transthoracic echocardiography was performed at rest by 

an experienced sonographer, according to the standards of the American Society of 

Echocardiography using a commercially available system (Vivid S6 BT12; GE Healthcare) with 

a 1.5-to 4.3-MHz phased array transducer.  All echocardiography parameters were collected at 

rest and averaged over three cardiac cycles. LV volumes were quantified at end-systolic volume 

(ESV) and end-diastolic volume (EDV) via the perpendicular axis from the apex to the distal 

boundary of the mitral valve (MV) leaflets. LV ejection fraction (LVEF) was calculated as: 

LVEF = [(EDV-ESV)/EDV] x 100. Stroke volume (SV) and cardiac output (Q) were calculated 

as SV = ESV-EDV and Q = SV x HR, respectively. LV diastolic function was measured by 
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Doppler measurements of MV inflow from the apical 4-chamber view with the sample windows 

placed between the MV leaflets. From the MV inflow tracing, the peak velocities for early (E), 

and late (A) filling were obtained, E deceleration time was measured, and the E/A ratio was 

calculated. 2-D tissue Doppler velocity data for peak myocardial velocities in systole (Sm) and 

early (Em) filling were recorded in the apical 4-chamber view with a narrow sector and high 

frame rate by placing the sample window in the basal segment of the interventricular septum. LV 

longitudinal strain and strain rate were derived from 2-dimensional apical images using tissue 

Doppler imaging data as previously described (35). Longitudinal myocardial function was 

evaluated using peak systolic strain, peak systolic strain rate, and early filling strain rate in the 

basal segments of the interventricular septum (29).  

 

 Carotid Artery Stiffness 

 

Cross-sectional carotid artery diameter was measured at systole and diastole on the distal wall of 

the carotid artery, roughly 2-3 cm below the bifurcation with a commercial two-dimensional 

ultrasound system (Logiq S8, GE Medical Systems, Milwaukee, WI) via a high-resolution 

phased array transducer operating at 10 MHz with simultaneous ECG recordings. All 

measurements were obtained in the supine position with the subjects head slightly tilted to the 

contralateral side. These images were recorded for ~8-10 seconds (8-10 cardiac cycles) and were 

stored for off-line analysis. Using the ultrasound system image analysis software, the maximal 

(i.e., end systole) and minimal (i.e., end diastole) luminal diameters were calculated from the 

distance between media-adventitia interfaces at each cardiac cycle by a blinded investigator (9). 

M-mode image quality was considered acceptable if the lumen-intima-media adventitia 
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interfaces were clearly identifiable. To calculate stiffness, the luminal diameters were time-

aligned with simultaneous ECG measurements; thus, the stroke changes of the carotid artery and 

central blood pressure could be used to determine the stiffness of the vessel. Central waveform 

and pressures were calculated with the FinometerPro software, (BeatScope 1.1a Finapress 

Medical Systems) via the Modelflow method from the calibrated finger artery waveform. 

Arterial stiffness index was then calculated as: (β = ln(Ps/Pd)/[(Ds-Dd/Dd)]. Ps and Pd reflect 

central aortic systole and diastole while Ds and Dd reflect carotid systole and diastole diameters.  

 

 Ventricular-Arterial Coupling 

 

Ventricular-Arterial Coupling (VA-Coupling) was derived by the ratio of effective arterial 

elastance (Ea) to LV end-systolic elastance (Ees). Ea was calculated as end-systolic 

pressure/stroke volume (2), with end-systolic pressure calculated from the central aortic blood 

waveform (9). Ees was determined using the validated single beat method as previously described 

(27) (See Appendix A).  

 

 Statistical Analysis 

 

Data were analyzed with commercially available statistical software package (Sigmaplot; version 

12.5, Systat software, San Jose). Plasma NO3
- values were compared between conditions as a 

paired-samples t-test. Differences between end points for the treatment and control 

measurements were compared with paired t-tests. A value of P <0.05 was considered significant. 

Given the crossover design a modified intent-to-treat strategy was used, which only subjects who 
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completed both laboratory visits were included. The study was powered to detect differences 

between NO3
- and placebo conditions when effect sizes >0.8 with 80% power and a nominal α 

level of 0.05. 

 

 

  



8 

Chapter 3 - Results 

A total of 26 subjects were screened, with 11 subjects meeting the inclusion criteria and entering 

the study. One subject became ill during the second round of supplementation and withdrew 

herself from further testing. Therefore, 10 subjects were included in the final analysis.   

 

 Study Participants  

 

 The mean age of study participants was 58 ± 10.5 years, all of which were women. At the time 

of enrollment, patients had received their anthracycline-based chemotherapy treatment an 

average of 11.9 ± 9.2 years prior to the study. Seven patients were treated with a combination 

doxorubicin and cyclophosphamide with a mean cumulative dose of 385mg/m2 of doxorubicin 

and 3947mg/m2 of cyclophosphamide. One patient was concurrently on a combination of 

doxorubicin (600mg/m2) and dacarbazine (900mg/m2). One patient received a combination of 

epirubicin (740mg/m2) and cyclophosphamide (1480mg/m2). One patient received a combination 

of mitoxantrone (87mg/m2) and cyclophosphamide (1350mg/m2). Patients received anthracycline 

treatment for a mean duration of 4.7 ± 1.4 months. 

 

Oral NO3
- supplementation significantly increased plasma nitrite levels (2613 ± 754µM) 

compared to the nitrate-poor placebo supplementation (517 ± 870µM: p=0.0004). Compared to 

placebo, NO3
- supplementation had no effect on resting HR (66 ± 8 bpm versus 67 ± 10 bpm; 

p=0.23), systolic blood pressure (133 ± 16 mmHg versus 130 ± 11 mmHg; p=0.21), or diastolic 

blood pressure (73 ± 8 mmHg versus 71 ± 8 mmHg; p=0.10) 
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 Dimensions and LV Systolic and Diastolic Functions 

 

As shown in Table 1, one week of NO3
- treatment did not significantly alter LV ESV, EDV, or 

SV compared to placebo. LV ejection fraction was unchanged with NO3
- treatment. Similarly, 

septal wall systolic velocity (Sm), systolic strain and strain rate showed no significance 

differences between the two conditions. LV diastolic function parameters, including septal Em 

and strain rate in early diastolic filling were suggestive of diastolic improvements following 

NO3
- treatment. Significant improvements in septal wall early diastolic velocity (Em) were 

observed following NO3
-treatment (Figure 1). Mitral valve late diastolic filling velocity was 

significantly increased following NO3
- treatment. Likewise, LV longitudinal strain rate in early 

filling was significantly increased following NO3
-supplementation compared to placebo (Figure 

2).   

 

 Vascular Stiffness 

 

 Carotid artery systolic (124±14 mmHg versus 127±13 mmHg; p=0.21) and diastolic diameter 

(72±11 mmHg versus 73±6 mmHg; p=0.33) were not significantly different between the two 

conditions. Similarly, arterial pulse pressure (52±15 mmHg versus 58±16 mmHg; p=0.07) was 

not different resulting in a similar carotid artery β-stiffness index between the two conditions.  

 

 Ventricular-Arterial Coupling 
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Ea was not significantly different following NO3
- supplementation compared to placebo (2.38 

versus 2.48; p=0.30). Similarly, LV Ees was not significantly different between the two 

conditions (2.91 versus 2.83; p=0.39), which is consistent with measurements of LV systolic 

function. Taken together, ventricular-arterial coupling assessed as the ratio of Ea/Ees did not 

differ between NO3
- supplementation and placebo conditions (0.82 versus 0.90; p=0.10). 

 

 

 
Table 1 

  

Table 1. Echocardiography 

 Inorganic 

Nitrate 

Placebo Difference 

between 

Inorganic 

Nitrate and 

Placebo 

P Value 

EDV (ml) 92 ± 12.8 82 ± 7.4 10 ± 5.4 0.08 

ESV (ml) 42 ± 7.4 35 ± 7.6 7 ± 0.2 0.11 

SV (ml) 50 ± 9.9 47 ± 5.8 3 ± 4.1 0.15 

MV Deceleration Time (ms) 265 ± 87.3 248 ± 76.6 17 ± 10.7 0.36 

MV E-wave velocity (cm/s) 0.7 ± .17 0.7 ± .39 0 ± 0.22 0.45 

MV A-Wave Velocity (cm/s) 0.6 ± .23 0.5 ± .17 0.1 ± .06 0.01 

MV E/A Ratio 1.1 ± .19 1.1 ± .27 0 ± 0.08 0.22 

mean±SD 
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Figure 1 - Septal mitral annular velocity obtained in early diastole (Em) following NO3

- and PL 
conditions. * Significantly different compared to placebo. 
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Figure 2 - Longitudinal strain rate of the left ventricle in a representative patient following NO3

-

treatment (A). Left ventricular strain rate during early diastole (SRE) following NO3
- and placebo 

(PL). SRSYS, LV peak systolic strain rate. * Significantly different from placebo. 
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Chapter 4 - Discussion 

The primary aim of this study was to examine the therapeutic effects of inorganic dietary nitrates 

on the cardiovascular function of cancer survivors with a history of anthracycline chemotherapy. 

To our knowledge, this was the first study to investigate the effects of inorganic dietary NO3
-

supplementation on the cardiovascular system in human cancer survivors. A critical finding of 

this study was that we demonstrated that NO3
- supplementation significantly improved left 

ventricular diastolic function in cancer survivors. These findings suggest that therapeutic 

strategies that target NO bioavailability may provide secondary prevention of anthracycline-

induced changes in left ventricular diastolic function (6). However, we did not observe 

significant improvements in left ventricular systolic function or vascular function with NO3
-

supplementation compared to a placebo supplementation.  

 

Since the 1960’s, anthracycline-chemotherapy (e.g. doxorubicin, epirubicin, and daunorubicin) 

has been a widely used anti-cancer agent for the treatment of several human cancers (39, 40). 

While this chemotherapy is extremely effective at eliminating the cancer cells, it is often coupled 

with problematic anthracycline-induced cardiotoxicities, including: asymptomatic systolic and 

diastolic dysfunction (6), heart failure (4), and increased aortic stiffness (5); therefore, 

accelerating the rate of early onset cardiovascular morbidity and mortality (16). Smith et al. 

confirmed a significantly greater risk of developing cardiotoxicities with anthracycline treatment 

compared to other non-anthracycline regimens (36) that occur in a dose-dependent manner (1, 

47).  
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The most commonly used anthracycline, doxorubicin, has been the target for investigation into 

the underlying mechanisms of anthracycline-induced cardiotoxicity. In cardiac tissue, 

doxorubicin enters the cardiomyocyte through diffusion and is reduced via NADH 

dehydrogenase which causes direct damage to cellular membranes and organelles (e.g. 

mitochondria) by increased free radical production, decreased antioxidants, and sulfhydryl 

groups (28). The increased oxidative stress elicited by doxorubicin can alter cardiomyocytes by 

activating an apoptotic cascade, ultimately resulting in irreversible cardiac cell death (34, 39). 

Moreover, doxorubicin can disrupt sarcomere structure and impair energy metabolism and ion 

gradients (33). A review performed by Rashi et al. (2010) on cancer drugs and cardiotoxicity 

indicated that secondary metabolites produced by anthracycline metabolism inhibit Ca2+ release 

from the sarcoplasmic reticulum; thus, increasing the risk of developing LV dysfunction (13, 33).  

 

Doxorubicin-induced cardiotoxicity reduces the production and bioavailability of NO via nitric 

oxide synthase (NOS) pathways (21). Specifically, in the animal model, Griffith and Stucher et 

al. demonstrated that doxorubicin is rapidly reduced in the presence of oxygen via endothelial 

nitric oxide synthase (eNOS) which progressively increases the amount of superoxide formation 

and decreased the amount of bioavailable NO (12, 46); therefore, increasing the overall amount 

of reactive oxygen species (ROS) and reduced NO-cGMP signaling. This imbalance of ROS will 

produces an increased amount of peroxynitrite which is known to cause ventricular dysfunction, 

calcium mishandling, and direct damage to DNA synthesis (12, 25, 49). Moreover, altered NO-

cGMP signaling can significantly alter Ca2+ uptake through the sarcoplasmic reticulum Ca2+ 

ATPase 2a (SERCA2). Thus, strategies aimed at decreasing oxidative stress and increases nitric 

oxide bioavailability may attenuate the cardiotoxic effects of anthracycline chemotherapy. 
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Inorganic dietary NO3
- supplementation elicits significant improvements in ventricular and 

vascular function with targeted NO production, via the nitrate-nitrite-nitric oxide pathway (21), 

and increased antioxidant capacity (22). Furthermore, substantial evidence suggests that 

inorganic nitrates also poses substantial antioxidant actions (49). As such, inorganic dietary 

nitrate supplementation acts as a cardioprotective agent against myocardial ischemic-reperfusion 

injury (3), hypertension (41), poor exercise performance (decrease O2 demand) in both peripheral 

artery disease (18) and heart failure with preserved ejection fraction (51). Important to the 

present study, Zhu et al. demonstrated in mice that administering a nitrate supplementation 

before and after anthracycline treatment attenuated all anthracycline-induced cardiac dysfunction 

compared to those just receiving chemotherapy (52). Additionally, a significant preservation of 

mitochondrial function was observed, coupled with a decrease in ROS levels (52). 

 

The present study expands on this previous work by exploring the benefits of inorganic dietary 

nitrate supplementation on human cancer survivors with a history of anthracycline 

chemotherapy. Notably, we established that one week of inorganic dietary nitrate 

supplementation significantly increased clinically relevant measurements of LV diastolic 

function. This is critical given the previous findings that significant LV diastolic dysfunction is 

associated with low doses of anthracycline (~200mg/m2) that are below that known to elicit 

changes to contractile forces and systolic function (20). 

 

Recent advances in non-invasive myocardial strain and strain rate imaging have allowed 

investigators to assess subclinical changes in parameters of systolic and diastolic deformation (7) 
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with greater sensitivity relative to traditional measurements of ejection fraction (40) or mitral 

valve velocities (45). As such, evaluation of LV strain and strain rate provide a non-invasive 

method to evaluate both changes in myocardial systolic and diastolic function with disease 

progression and the efficacy of potential therapeutic interventions (15, 26, 30).  

 

Importantly, strain rate in the early filling phase of ventricular diastole has constantly been used 

as a clinically relevant measure of LV diastolic function (30). Pislaru et al. demonstrated in post 

myocardial infraction animals that strain rate during early and late diastole reflected 

abnormalities in relaxation and compliance due to diastolic pressure-wall thickness relations 

(32). Similarly, Park et al. revealed that diastolic strain rate is a more viable evaluation of 

diastolic function compared to mitral valve early and late velocities because it more accurately 

depicts regional diastolic function (31). As such, assessment of ventricular strain rate in early 

diastole provides valuable insight into LV diastolic function. Our findings demonstrate that NO3- 

supplementation increased LV longitudinal strain rate in early filling; therefore, highlighting the 

improvements in diastolic function in cancer survivors with a history of anthracycline 

chemotherapy. 

 

In parallel with indices of myocardial strain, Doppler Tissue imaging provides additional 

information when evaluating changes in myocardial systolic and diastolic function with disease 

progression and following therapeutic intervention (11, 15). Specifically, early mitral septal wall 

annular velocity obtained in early diastole (Em) has been shown to provide clinically relevant 

measurement of LV diastolic function (44) that is directly related to LV relaxation rate (10). 

Importantly, Okada et al. established a strong correlation between septal Em and interventricular 
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longitudinal septal strain rate (r=0.75); thus, highlighting that these two measurements provide a 

synergistic evaluation of LV longitudinal myocardial relaxation and therefore a clinically 

applicable measurement of LV diastolic function (29). To the best of our knowledge, this is the 

first study to demonstrate improvements in diastolic function via strain rate imaging and Tissue 

Doppler myocardial velocities in cancer survivors treated with systemic anthracycline-

chemotherapy. 

 

Several experimental considerations warrant mention when interpreting the study findings. First, 

the total cumulative dose of anthracyclines (385 mg/m2) administered to our patients potentially 

lessened the cardiotoxicity of this anti-cancer drug class. Volkova et al. (2011) reviewed the 

adverse side-effects of anthracycline treatment and noted an increased occurrence of clinically 

diagnosed cardiac systolic dysfunction in patients who received a cumulative dose of 

anthracyclines >550mg/m2 (43). However, subclinical cardiotoxicity has been reported in cancer 

survivors who received < 550mg/m2 (5), with LV diastolic dysfunction occurring with doses 

below 200mg/m2 (20). Lastly, using submaximal exercise to evaluate cardiac function post 

nitrate supplementation could have provided additional insight into the beneficial effects of NO3
-

supplementation (41). However, Koelwyn et al. (2016) determined that the Ea (arterial elastance) 

portion of the ventricular-arterial coupling ratio in breast cancer survivors treated with 

anthracyclines was not different between rest and submaximal exercise; thus, aligning with our 

own results (19). 

 

In conclusion, this is the first study, to our knowledge, to demonstrate an improvement in 

diastolic function in cancer survivors with a history of anthracycline chemotherapy in response 
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to inorganic dietary nitrate supplementation. The improvements in diastolic function suggest that 

therapeutic strategies that target NO bioavailability and ROS may be a clinically beneficial 

cardioprotective agent post-anthracycline administration.  

 

 

  



19 

 

Chapter 5 - References 

1. Aleman BM, Moser EC, Nuver J, Suter TM, Maraldo MV, Specht L, Vrieling C, 
and Darby SC. Cardiovascular disease after cancer therapy. EJC supplements : EJC : official 
journal of EORTC, European Organization for Research and Treatment of Cancer  [et al] 12: 
18-28, 2014. 
2. Antonini-Canterin F, Poli S, Vriz O, Pavan D, Bello VD, and Nicolosi GL. The 
Ventricular-Arterial Coupling: From Basic Pathophysiology to Clinical Application in the 
Echocardiography Laboratory. Journal of cardiovascular echography 23: 91-95, 2013. 
3. Bryan NS, Calvert JW, Elrod JW, Gundewar S, Ji SY, and Lefer DJ. Dietary nitrite 
supplementation protects against myocardial ischemia-reperfusion injury. Proceedings of the 
National Academy of Sciences of the United States of America 104: 19144-19149, 2007. 
4. Cardinale D, Colombo A, Bacchiani G, Tedeschi I, Meroni CA, Civelli M, Lamantia 
G, Colombo N, Cipolla CM, Veglia F, Fiorentini C, and Curigliano G. Response to Letters 
Regarding Article, "Early Detection of Anthracycline Cardiotoxicity and Improvement With 
Heart Failure Therapy". Circulation 133: e363, 2016. 
5. Chaosuwannakit N, D'Agostino R, Jr., Hamilton CA, Lane KS, Ntim WO, 
Lawrence J, Melin SA, Ellis LR, Torti FM, Little WC, and Hundley WG. Aortic stiffness 
increases upon receipt of anthracycline chemotherapy. Journal of clinical oncology : official 
journal of the American Society of Clinical Oncology 28: 166-172, 2010. 
6. Daiber A, Gori T, and Munzel T. Inorganic nitrate therapy improves Doxorubicin-
induced cardiomyopathy a new window for an affordable cardiovascular therapy for everyone? 
Journal of the American College of Cardiology 57: 2190-2193, 2011. 
7. Dandel M, Lehmkuhl H, Knosalla C, Suramelashvili N, and Hetzer R. Strain and 
strain rate imaging by echocardiography - basic concepts and clinical applicability. Current 
cardiology reviews 5: 133-148, 2009. 
8. Ferguson SK, Holdsworth CT, Colburn TD, Wright JL, Craig JC, Fees A, Jones 
AM, Allen JD, Musch TI, and Poole DC. Dietary nitrate supplementation: impact on skeletal 
muscle vascular control in exercising rats with chronic heart failure. Journal of applied 
physiology (Bethesda, Md : 1985) 121: 661-669, 2016. 
9. Frye JN, Sutterfield SL, Caldwell JT, Behnke BJ, Copp SW, Banister HR, and Ade 
CJ. Vascular and autonomic changes in adult cancer patients receiving anticancer chemotherapy. 
Journal of applied physiology (Bethesda, Md : 1985) 125: 198-204, 2018. 
10. Garcia MJ, Thomas JD, and Klein AL. New Doppler echocardiographic applications 
for the study of diastolic function. Journal of the American College of Cardiology 32: 865-875, 
1998. 
11. Greenberg NL, Firstenberg MS, Castro PL, Main M, Travaglini A, Odabashian JA, 
Drinko JK, Rodriguez LL, Thomas JD, and Garcia MJ. Doppler-derived myocardial systolic 
strain rate is a strong index of left ventricular contractility. Circulation 105: 99-105, 2002. 
12. Griffith OW, and Stuehr DJ. Nitric oxide synthases: properties and catalytic 
mechanism. Annual review of physiology 57: 707-736, 1995. 
13. Hanna AD, Lam A, Tham S, Dulhunty AF, and Beard NA. Adverse effects of 
doxorubicin and its metabolic product on cardiac RyR2 and SERCA2A. Molecular 
pharmacology 86: 438-449, 2014. 



20 

14. Herceg-Cavrak V, Ahel V, Batinica M, Matec L, and Kardos D. Increased arterial 
stiffness in children treated with anthracyclines for malignant disease. Collegium 
antropologicum 35: 389-395, 2011. 
15. Hoit BD. Strain and strain rate echocardiography and coronary artery disease. 
Circulation Cardiovascular imaging 4: 179-190, 2011. 
16. Hooning MJ, Botma A, Aleman BM, Baaijens MH, Bartelink H, Klijn JG, Taylor 
CW, and van Leeuwen FE. Long-term risk of cardiovascular disease in 10-year survivors of 
breast cancer. Journal of the National Cancer Institute 99: 365-375, 2007. 
17. Kelly J, Vanhatalo A, Wilkerson DP, Wylie LJ, and Jones AM. Effects of nitrate on 
the power-duration relationship for severe-intensity exercise. Medicine and science in sports and 
exercise 45: 1798-1806, 2013. 
18. Kenjale AA, Ham KL, Stabler T, Robbins JL, Johnson JL, Vanbruggen M, Privette 
G, Yim E, Kraus WE, and Allen JD. Dietary nitrate supplementation enhances exercise 
performance in peripheral arterial disease. Journal of applied physiology (Bethesda, Md : 1985) 
110: 1582-1591, 2011. 
19. Koelwyn GJ, Lewis NC, Ellard SL, Jones LW, Gelinas JC, Rolf JD, Melzer B, 
Thomas SM, Douglas PS, Khouri MG, and Eves ND. Ventricular-Arterial Coupling in Breast 
Cancer Patients After Treatment With Anthracycline-Containing Adjuvant Chemotherapy. The 
oncologist 21: 141-149, 2016. 
20. Lee BH, Goodenday LS, Muswick GJ, Yasnoff WA, Leighton RF, and Skeel RT. 
Alterations in left ventricular diastolic function with doxorubicin therapy. Journal of the 
American College of Cardiology 9: 184-188, 1987. 
21. Lundberg JO, Weitzberg E, and Gladwin MT. The nitrate-nitrite-nitric oxide pathway 
in physiology and therapeutics. Nature reviews Drug discovery 7: 156-167, 2008. 
22. McAllister RM, and Laughlin MH. Vascular nitric oxide: effects of physical activity, 
importance for health. Essays in biochemistry 42: 119-131, 2006. 
23. McGowan JV, Chung R, Maulik A, Piotrowska I, Walker JM, and Yellon DM. 
Anthracycline Chemotherapy and Cardiotoxicity. Cardiovascular drugs and therapy 31: 63-75, 
2017. 
24. Mimnaugh EG, Gram TE, and Trush MA. Stimulation of mouse heart and liver 
microsomal lipid peroxidation by anthracycline anticancer drugs: characterization and effects of 
reactive oxygen scavengers. The Journal of pharmacology and experimental therapeutics 226: 
806-816, 1983. 
25. Mukhopadhyay P, Rajesh M, Batkai S, Kashiwaya Y, Hasko G, Liaudet L, Szabo C, 
and Pacher P. Role of superoxide, nitric oxide, and peroxynitrite in doxorubicin-induced cell 
death in vivo and in vitro. American journal of physiology Heart and circulatory physiology 296: 
H1466-1483, 2009. 
26. Nagueh SF, Appleton CP, Gillebert TC, Marino PN, Oh JK, Smiseth OA, Waggoner 
AD, Flachskampf FA, Pellikka PA, and Evangelisa A. Recommendations for the evaluation of 
left ventricular diastolic function by echocardiography. European journal of echocardiography : 
the journal of the Working Group on Echocardiography of the European Society of Cardiology 
10: 165-193, 2009. 
27. Narayan HK, French B, Khan AM, Plappert T, Hyman D, Bajulaiye A, Domchek S, 
DeMichele A, Clark A, Matro J, Bradbury A, Fox K, Carver JR, and Ky B. Noninvasive 
Measures of Ventricular-Arterial Coupling and Circumferential Strain Predict Cancer 
Therapeutics-Related Cardiac Dysfunction. JACC Cardiovascular imaging 9: 1131-1141, 2016. 



21 

28. Octavia Y, Tocchetti CG, Gabrielson KL, Janssens S, Crijns HJ, and Moens AL. 
Doxorubicin-induced cardiomyopathy: from molecular mechanisms to therapeutic strategies. 
Journal of molecular and cellular cardiology 52: 1213-1225, 2012. 
29. Okada K, Mikami T, Kaga S, Onozuka H, Inoue M, Yokoyama S, Nishino H, 
Nishida M, Matsuno K, Iwano H, Yamada S, and Tsutsui H. Early diastolic mitral annular 
velocity at the interventricular septal annulus correctly reflects left ventricular longitudinal 
myocardial relaxation. European journal of echocardiography : the journal of the Working 
Group on Echocardiography of the European Society of Cardiology 12: 917-923, 2011. 
30. Opdahl A, Remme EW, Helle-Valle T, Lyseggen E, Vartdal T, Pettersen E, 
Edvardsen T, and Smiseth OA. Determinants of left ventricular early-diastolic lengthening 
velocity: independent contributions from left ventricular relaxation, restoring forces, and 
lengthening load. Circulation 119: 2578-2586, 2009. 
31. Park TH, Nagueh SF, Khoury DS, Kopelen HA, Akrivakis S, Nasser K, Ren G, and 
Frangogiannis NG. Impact of myocardial structure and function postinfarction on diastolic 
strain measurements: implications for assessment of myocardial viability. American journal of 
physiology Heart and circulatory physiology 290: H724-731, 2006. 
32. Pislaru C, Bruce CJ, Anagnostopoulos PC, Allen JL, Seward JB, Pellikka PA, 
Ritman EL, and Greenleaf JF. Ultrasound strain imaging of altered myocardial stiffness: 
stunned versus infarcted reperfused myocardium. Circulation 109: 2905-2910, 2004. 
33. Raschi E, Vasina V, Ursino MG, Boriani G, Martoni A, and De Ponti F. Anticancer 
drugs and cardiotoxicity: Insights and perspectives in the era of targeted therapy. Pharmacology 
& therapeutics 125: 196-218, 2010. 
34. Sakata Y, Dong JW, Vallejo JG, Huang CH, Baker JS, Tracey KJ, Tacheuchi O, 
Akira S, and Mann DL. Toll-like receptor 2 modulates left ventricular function following 
ischemia-reperfusion injury. American journal of physiology Heart and circulatory physiology 
292: H503-509, 2007. 
35. Smith JR, Sutterfield SL, Baumfalk DR, Didier KD, Hammer SM, Caldwell JT, and 
Ade CJ. Left ventricular strain rate is reduced during voluntary apnea in healthy humans. 
Journal of applied physiology (Bethesda, Md : 1985) 123: 1730-1737, 2017. 
36. Smith LA, Cornelius VR, Plummer CJ, Levitt G, Verrill M, Canney P, and Jones A. 
Cardiotoxicity of anthracycline agents for the treatment of cancer: Systematic review and meta-
analysis of randomised controlled trials. Bmc Cancer 10: 2010. 
37. Suter TM, and Ewer MS. Cancer drugs and the heart: importance and management. 
European heart journal 34: 1102-1111, 2013. 
38. Sutterfield SL, Caldwell JT, Post HK, Lovoy GM, Banister HR, and Ade CJ. Lower 
cutaneous microvascular reactivity in adult cancer patients receiving chemotherapy. Journal of 
applied physiology (Bethesda, Md : 1985) 125: 1141-1149, 2018. 
39. Tahover E, Patil YP, and Gabizon AA. Emerging delivery systems to reduce 
doxorubicin cardiotoxicity and improve therapeutic index: focus on liposomes. Anti-cancer 
drugs 26: 241-258, 2015. 
40. Thavendiranathan P, Poulin F, Lim KD, Plana JC, Woo A, and Marwick TH. Use 
of myocardial strain imaging by echocardiography for the early detection of cardiotoxicity in 
patients during and after cancer chemotherapy: a systematic review. Journal of the American 
College of Cardiology 63: 2751-2768, 2014. 
41. Vanhatalo A, Bailey SJ, Blackwell JR, DiMenna FJ, Pavey TG, Wilkerson DP, 
Benjamin N, Winyard PG, and Jones AM. Acute and chronic effects of dietary nitrate 



22 

supplementation on blood pressure and the physiological responses to moderate-intensity and 
incremental exercise. American journal of physiology Regulatory, integrative and comparative 
physiology 299: R1121-1131, 2010. 
42. Vasquez-Vivar J, Martasek P, Hogg N, Masters BS, Pritchard KA, Jr., and 
Kalyanaraman B. Endothelial nitric oxide synthase-dependent superoxide generation from 
adriamycin. Biochemistry 36: 11293-11297, 1997. 
43. Volkova M, and Russell R, 3rd. Anthracycline cardiotoxicity: prevalence, pathogenesis 
and treatment. Current cardiology reviews 7: 214-220, 2011. 
44. Waggoner AD, and Bierig SM. Tissue Doppler imaging: a useful echocardiographic 
method for the cardiac sonographer to assess systolic and diastolic ventricular function. Journal 
of the American Society of Echocardiography : official publication of the American Society of 
Echocardiography 14: 1143-1152, 2001. 
45. Wang J, Khoury DS, Thohan V, Torre-Amione G, and Nagueh SF. Global diastolic 
strain rate for the assessment of left ventricular relaxation and filling pressures. Circulation 115: 
1376-1383, 2007. 
46. Weinstein DM, Mihm MJ, and Bauer JA. Cardiac peroxynitrite formation and left 
ventricular dysfunction following doxorubicin treatment in mice. The Journal of pharmacology 
and experimental therapeutics 294: 396-401, 2000. 
47. Wouters KA, Kremer LC, Miller TL, Herman EH, and Lipshultz SE. Protecting 
against anthracycline-induced myocardial damage: a review of the most promising strategies. 
British journal of haematology 131: 561-578, 2005. 
48. Wylie LJ, Ortiz de Zevallos J, Isidore T, Nyman L, Vanhatalo A, Bailey SJ, and 
Jones AM. Dose-dependent effects of dietary nitrate on the oxygen cost of moderate-intensity 
exercise: Acute vs. chronic supplementation. Nitric oxide : biology and chemistry 57: 30-39, 
2016. 
49. Xi L, Zhu SG, Das A, Chen Q, Durrant D, Hobbs DC, Lesnefsky EJ, and Kukreja 
RC. Dietary inorganic nitrate alleviates doxorubicin cardiotoxicity: mechanisms and 
implications. Nitric oxide : biology and chemistry 26: 274-284, 2012. 
50. Yetik-Anacak G, and Catravas JD. Nitric oxide and the endothelium: history and 
impact on cardiovascular disease. Vascular pharmacology 45: 268-276, 2006. 
51. Zamani P, Rawat D, Shiva-Kumar P, Geraci S, Bhuva R, Konda P, Doulias PT, 
Ischiropoulos H, Townsend RR, Margulies KB, Cappola TP, Poole DC, and Chirinos JA. 
Effect of inorganic nitrate on exercise capacity in heart failure with preserved ejection fraction. 
Circulation 131: 371-380; discussion 380, 2015. 
52. Zhu SG, Kukreja RC, Das A, Chen Q, Lesnefsky EJ, and Xi L. Dietary nitrate 
supplementation protects against Doxorubicin-induced cardiomyopathy by improving 
mitochondrial function. Journal of the American College of Cardiology 57: 2181-2189, 2011. 

 

 

  



23 

  



24 

Appendix A - VA Coupling Calculations 

 

The estimated normalized left ventricular elastance was calculated as:  

ENd(est) = 0.0275 – (0.165 × EF) + 0.3656 × (Pd/Pes) + 0.515 × ENd(avg) 

where EF is ejection fraction, Pd is diastolic blood pressure, Pes is end-systolic pressure, and 

ENd(avg) is calculated by a seven-term polynomial function: 

E"#(%&') = a+	×t"#
+/0

 

where ai for i = 0 are (0.35695, -7.2266, 74.249, -307.39, 684.54, -856.92, 571.95, -159.1), 
respectively and the value of tNd determined from the aortic Doppler waveform by by dividing 
the pre-ejection period (R wave to flow-onset) by the total systolic period (R-wave to end-flow). 
From these two equations left ventricular end-systolic elastance (Ees) was calculated as: 
 

Ees = [Pd – (ENd(est) × Pes)]/[SV × ENd(est)] 
 


