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II. Abstract 

Since the implementation of ICH S7A, the field of safety pharmacology has advanced radically. 

Current approaches for detection of cardiovascular (CV) adverse drug reactions (ADR), 

including evaluating mean arterial pressure (MAP) and heart rate (HR) often identify those 

safety risks. Nonetheless, high attrition rates due to safety issues remain an important 

challenge in drug development. Conventional analysis (MAP or HR) uses a minority of the 

recorded high-fidelity waveform data, overlooking a plethora of information. Potentially in-

depth analysis of the CV waveform could provide early and mechanistically relevant markers 

to detect subtle CV ADR and aid in closing the current gaps in safety pharmacology. The 

Symmetric Projection Attractor Reconstruction (SPAR) is a novel in-depth wave analysis 

method that uses the entire waveform to generate an attractor which reflects and enlarges 

subtle changes in the wave. In this thesis, the application of SPAR on blood pressure and blood 

flow waves in CV safety pharmacology was explored. To perform this investigation, two 

tyrosine kinase inhibitors were selected and presented as an example of compounds with 

varying CV safety liabilities: (1) fostamatinib that targets Syk but is associated with the onset 

of hypertension due to off-target inhibition of Vascular Endothelial Growth Factor Receptor 2 

(VEGFR2) and (2) entospletinib, a second-generation compound designed to not bind VEGFR2 

and to achieve Syk inhibition without the onset of cardiovascular safety liabilities. 

 

First, the cardiovascular effects of these two Syk inhibitors were assessed using 

radiotelemetry in rats, as is currently the golden standard for MAP and HR assessments in in 

vivo preclinical safety studies. This study showed that fostamatinib indeed caused a significant 

increase in MAP, while not affecting HR or pulse pressure (PP). Entospletinib did not affect 

MAP, HR or PP significantly.  

 

Second, the blood pressure waveform data obtained in the radiotelemetry studies were 

analysed in-depth using SPAR. This analysis yielded insights that were not obtained from the 

conventional wave analysis. Firstly, SPAR metrics detected fostamatinib-induced CV effects 

within 8 h after fostamatinib administration, while MAP only changed significantly from the 

second day of the study. The changes in SPAR metrics indicated a fostamatinib-induced 

vasoconstriction, consistent with the anticipated mechanism of BP elevation. In addition, 
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entospletinib changed the SPAR metrics in a similar way as fostamatinib, suggesting that this 

second-generation compound might display subtle effects on the cardiovascular system that 

were not apparent from MAP, HR or PP. 

 

Third, the two Syk inhibitors were assessed in the Doppler flowmetry model to interrogate 

their effect on the regional vascular conductances (VC) of the renal, mesenteric or 

hindquarters bed in rats. Subsequently, obtained blood flow waves were analysed using SPAR. 

Fostamatinib induced a decrease in renal and hindquarters VC, partially reflecting VC changes 

that are typically observed with VEGFR2-inhibitors. SPAR analysis indicated that fostamatinib 

caused a vasoconstriction in the mesenteric vascular bed, again reflecting effects typically 

observed with VEGFR2-inhibitors. Although entospletinib did not affect the renal, mesenteric 

or hindquarters VC in the conventional analysis, in the SPAR analysis this compound showed 

similar flow wave morphology changes to those observed with sunitinib, a known VEGFR2-

inhibitor. These results indicated that entospletinib caused small changes in the compliance 

of blood vessels and may be associated with subtle CV effects. 

 

Lastly, the effects of fostamatinib and entospletinib at VEGFR2 were evaluated in vitro. An 

intracellular nanoBRET assay in HEK293 cells was developed and employed to determine the 

compounds’ direct binding affinities to the intracellular site of VEGFR2. Furthermore, an 

nuclear factor of activated T-cells (NFAT) reporter gene assay in HEK293 cells was performed 

to determine the compounds’ effect on the downstream signalling of VEGFR2. These studies 

showed that fostamatinib bound to the receptor and inhibited its downstream signalling. 

Entospletinib did not directly bind to VEGFR2. Yet the latter inhibited both VEGF165a- and 

ionomycin-induced NFAT signalling and did so with an approximately 100x higher potency 

than fostamatinib indicating entospletinib exerted off-target effects beyond its Syk inhibition.  

 

In conclusion, results from this thesis showed that SPAR is a valuable method for detection of 

subtle cardiovascular side effects. For fostamatinib, SPAR detected CV ADR earlier than MAP, 

HR or PP could. Additionally, SPAR exposed entospletinib-induced CV effects that were 

consistent with an in vitro inhibition of the VEGFR2 signalling that might be relevant to its 

safety, in particular since this compound is in development in combination therapy with 

certain chemotherapeutics that have been associated with CV safety issues.  
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1.1. Project introduction 

This PhD project was part of the broader INSPIRE Marie Skłodowska-Curie European Training 

Network (ITN) programme. INSPIRE (INnovation in Safety Pharmacology for Integrated 

cardiovascular safety assessment to REduce adverse events and late stage drug attrition) is 

funded by the European Commission’s H2020-MSCA-ITN programme and aims to make 

important contributions to the field of cardiovascular (CV) safety pharmacology (SP) (Guns et 

al., 2020). INSPIRE recruited 15 Early Stage Researchers (ESRs) with different training 

backgrounds, spanning disciples including pharmacology, physiology, biology and physics. 

Each ESR conducted an individual PhD project in safety pharmacology for a minimum period 

of 36 months. Furthermore, INSPIRE consisted of 10 beneficiaries, hosting the ESRs, and 9 

partner organizations, providing training support. This multidisciplinary and international 

network promoted research on CV safety liabilities and fostered the training of the future 

generation of drug safety scientist (Guns et al., 2020). 

 

This PhD project was conducted at the University of Nottingham under the supervision of 

Prof. J. Woolard and Prof. S. Hill. In their laboratories, the CV safety profile of Spleen Tyrosine 

Kinase (Syk) inhibitors and other multi-kinase inhibitors was evaluated, using both in vivo 

models (Doppler flowmetry and radiotelemetry in rats) and in vitro NanoBRET approaches. 

These kinase inhibitors were studied here to explore novel methods for sensitive detection of 

subtle cardiovascular adverse effects, as they are a prime example of compounds that failed 

late in drug development due to, amongst others, off-target safety issues. Under the 

supervision of Dr. M. Skinner, a secondment of 3 months was undertaken at Vivonics 

Preclinical Ltd to conduct an in vivo telemetry study, assessing effects of these drugs on CV 

safety in freely moving rats. The generated in vivo data were analysed using the innovative 

Symmetrical Projection Attractor Reconstruction (SPAR), to explore new biomarkers that 

could aid safety assessment of drug candidates; this SPAR work was undertaken in 

collaboration with the group of Dr. M. Nandi from Kings College, London. 

  



Chapter 1: Introduction 

 3 

1.2. Cardiovascular safety pharmacology 

When developing a new chemical entity, three drug properties are required: sufficient 

primary target efficacy, a satisfactory pharmacokinetic profile and a suitable safety profile 

(i.e., it should not cause harm in patients) (Kenakin, 2014). To meet this last requirement, the 

assessment of potential adverse drug reactions (ADR) is crucial during drug development. 

Safety pharmacology is the branch of pharmacology that identifies and investigates those 

undesirable effects of a new chemical entity. Techniques used in this field range from in vitro 

cellular assays (e.g. receptor binding assays) and ex vivo studies (e.g. testing of vasoactive 

compounds in isolated pressurised vessels), to the use of rodents, dogs or primates in 

preclinical studies to provide translational in vivo pharmacological safety information on the 

drug candidate (International Conference on Harmonisation, 2001, 2005; Sager et al., 2013). 

1.2.1. Introduction to cardiovascular safety pharmacology 

CV adverse drug reactions comprise haematological toxicities and toxicity on the heart and 

vessels (Weaver & Valentin, 2019b). They can occur with drugs directly acting the CV system 

or by indirect effects, e.g., through modulation on the renal or nervous systems. Acute CV 

toxicity as well as CV ADR manifesting after chronic treatment may be observed (Laverty et 

al., 2011). 

 

Currently, CV safety assessment is conducted as described in the guidelines of the 

International Conference on Harmonization (ICH) S7A (International Conference on 

Harmonisation, 2001) and S7B (International Conference on Harmonisation, 2005). These 

guidelines contain a core set of routine screenings and supplemental follow-up assays to 

address any compound-specific concerns arising during the different stages of drug 

development (International Conference on Harmonisation, 2001). For CV safety testing, ICH 

S7A and S7B describe among others: electrocardiogram (ECG) evaluation, testing for 

inhibitory effects on the human Ether-a-go-go-Related gene (hERG) and changes in heart rate 

(HR) and blood pressure (BP) (International Conference on Harmonisation, 2001, 2005). 

Through these screening approaches, safety liabilities are identified and can be managed 

(Weaver & Valentin, 2019b). 
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One area in CV safety pharmacology that is extensively studied, focuses on changes in the 

rhythm of the heart and its electrical activity (T. A. Collins et al., 2020). hERG is a potassium 

ion channel expressed on cardiomyocytes, that mediates ventricular repolarization by 

decreasing intracellular potassium levels upon activation and is therefore a crucial ion channel 

for heart rhythm control (Frommeyer & Eckardt, 2016; Vicente et al., 2018). Drugs that inhibit 

this channel can prolong the QT interval of the ventricular repolarisation in the ECG, 

increasing the risk of catastrophic ventricular arrhythmias (Frommeyer & Eckardt, 2016; 

Robertson & Morais-Cabral, 2020). There is a clear understanding of how the structure of a 

drug candidate is related to its activity on hERG and to proarrhythmic properties (T. A. Collins 

et al., 2020; Vicente et al., 2018). This enabled early attrition of drug candidates with a 

questionable effect on heart rhythm and, in the last decade, lead to a decrease in marketing 

of drugs with proarrhythmic safety issues (T. A. Collins et al., 2020; Weaver & Valentin, 

2019a). This has been implemented in the CiPA (Comprehensive in vitro Proarrhythmia Assay) 

initiative. This initiative proposed the combination of in silico assays, in vitro screening in 

human stem cell-derived cardiomyocytes and early Phase I trial ECG readings to predict the 

proarrhythmic properties of a new compound in a comprehensive manner (Vicente et al., 

2018; Yim, 2018). 

 

In the meantime however, there are CV parameters that have been somewhat overlooked, 

such as BP, HR and contractility of the heart (T. A. Collins et al., 2020). These parameters are 

routinely assessed during drug development by taking single point averages of the blood 

pressure signal over time, resulting in parameters such as the diastolic pressure (DBP), systolic 

pressure (SBP) and mean arterial pressure (MAP) (Mynard et al., 2020; Segers et al., 2017).  

Yet the blood pressure is a periodic signal that displays cyclical waves following each 

heartbeat (discussed in more detail in section 1.5) and contains a lot more information than 

reported by these simplified parameters. Although MAP is an important parameter, providing 

an indication for normo-, hypo- or hypertension, the morphology of these high-fidelity BP 

signals is overlooked (Mynard et al., 2020). If evaluated in more depth, these wave signals 

could provide additional cues for safety liabilities, by elucidating subtle effects of compounds 

on the heart and vasculature, and therefore enhance the efficiency of safety assessment (T. 

A. Collins et al., 2020). Details on wave morphology analysis are introduced in section 1.5. 
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1.2.2. Current gaps in cardiovascular safety pharmacology  

High attrition rates due to safety issues remain an important challenge in industry (Laverty et 

al., 2011; Waring et al., 2015). Analysing 800 compounds in drug development between 2000 

and 2010, Waring et al. (2015) showed that toxicology issues are the most important cause 

for drug attrition in the preclinical stage. Furthermore, in Phase I and Phase II studies, clinical 

safety liabilities were found to be respectively the primary and secondary reason for 

termination of the development of the drug (Waring et al., 2015). In 2014, Cook et al. found 

similar results when reviewing AstraZeneca’s small molecule drug development projects from 

2005 to 2010; safety issues were the main cause of discontinuation of the drug development 

in both preclinical and clinical studies (Cook et al., 2014). In preclinical settings, CV toxicity 

was accountable for 17% of the failure and therefore the most common cause of drug attrition 

(Figure 1). During the clinical phase, safety issues linked to the central nervous system were 

the major cause of attrition (34%), followed by CV safety liabilities (24%) (Cook et al., 2014) 

(Figure 1). 

 

 

  

Figure 1: Organ systems involved in project closure due to safety issues in preclinical studies (A) and clinical studies (B). 
Toxicity to the cardiovascular system remains a prominent contributor in both preclinical and clinical study closures. Charts 
based on data from Cook et al., reviewing AstraZeneca’s small molecule projects from 2005 – 2010. (Cook et al., 2014) 
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In post marketing surveillance, safety continue to be a significant issue. Qureshi et al. 

identified the main reasons for market withdrawal by analysing all FDA approved new 

chemical entities between 1980 and 2009 (Qureshi et al., 2011). Of all withdrawals, 22%  were 

due to safety issues, with severe CV effects being one of the four major causes (Qureshi et al., 

2011). 

 

These data support the suggestion that there are current gaps in understanding of CV safety 

liabilities. Even though a reasonable number of cardiovascular safety liabilities are detected 

during preclinical testing, it remains one of the major organ systems involved in safety issues 

causing closure of clinical studies or post-marketing withdrawal (Cook et al., 2014; Qureshi et 

al., 2011). The current strategy of detecting CV safety liabilities as described in S7A is a quite 

effective approach to detect and assess acute high-risk CV toxicities in preclinical 

development and has obtained its goal of bringing safer medicines to clinical trials (Valentin 

& Leishman, 2023). However, more subtle and long term changes in CV parameters, such as 

small increases in MAP and associated long-term risks of CV events (Lewington et al., 2002; 

Sager et al., 2013) are not consistently addressed (Laverty et al., 2011). During preclinical 

development, these subtle changes can be overlooked or considered not clinically relevant, 

delaying the attrition of a drug candidate to later stages and therefore decreasing the 

productivity of R&D projects (Cook et al., 2014; Laverty et al., 2011). There is need for more 

robust and holistic safety characterization in the first stages of drug development, enabling 

earlier attrition of drug candidates with poor safety profiles (Bhatt et al., 2019; Morgan et al., 

2018). Additionally, for a considerable number of adverse drug reactions, a full mechanistic 

understanding is lacking (Morgan et al., 2018; Weaver & Valentin, 2019b). Lastly, CV safety 

pharmacology would be reinforced if the quality of translation of in silico, in vitro and in vivo 

data to effects in man were improved (Morgan et al., 2018; Weaver & Valentin, 2019b). In 

summary, a more complete insight into the cause of CV toxicity could enhance our ability to 

identify safety liabilities early in drug development and to extrapolate preclinical data into 

clinical settings, potentially improving patient safety (Weaver & Valentin, 2019a). 
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1.2.2.1. Assessment of the blood pressure signal 

The assessment of BP signals is an example of one interrogation that could be improved. 

During the early stage of drug discovery and development, there is routinely screening for in 

vitro effects on receptors involved in vasoconstriction and vasodilatation. Additionally, drug 

candidates may be tested in isolated vessels for effects on vascular resistance, and BP changes 

assessed in telemetered rats (International Conference on Harmonisation, 2001). This testing 

strategy detects acute and large changes in MAP, for example a 10 mmHg increase in MAP, a 

clinically meaningful event, and shows the direction for the first in man safety studies (Laverty 

et al., 2011). Nonetheless, due to the multiple complex mechanisms involved in regulation of 

the CV system, there is often a lack in understanding of the exact mechanism underlying these 

BP alterations (Laverty et al., 2011). In addition, the question remains concerning whether 

the current available assays are sensitive enough to detect small changes in BP that, when 

present for a long term, might lead to high risk CV outcomes (e.g. late failure of valdecoxib 

(Atukorala & Hunter, 2013) or torcetrapib (Joy & Hegele, 2008) due to CV ADR). Although BP 

is generally seen as a biomarker that is qualitatively translatable to clinical studies, 

quantitative prediction of long-term CV risk in patients is still a challenge (Bhatt et al., 2019; 

Budnitz et al., 2006; Stevens & Baker, 2009). As a sustained rise in BP increases stress on the 

heart and vessels, uncontrolled hypertension is a risk factor for several serious CV implications 

such as heart failure, intracerebral haemorrhage, coronary heart disease and chronic kidney 

disease (Fuchs & Whelton, 2020; Messerli et al., 2017) and it is important to identify these 

changes in BP early. CV complications such as heart failure and myocardial ischaemia may 

only be detected post-approval, indicating the failure of current R&D studies to note these 

liabilities during preclinical and clinical development (Atukorala & Hunter, 2013; Joy & Hegele, 

2008; Weaver & Valentin, 2019a). 
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In summary, it is clear that drug-induced CV toxicity is a prominent issue in the field of safety 

pharmacology. These safety liabilities affect both the productivity of the pharmaceutical 

industry and, at least as important, the safety of patients treated with these drugs (Laverty et 

al., 2011). More sensitive systems to detect subtle changes in BP in preclinical settings, and 

to translate BP changes into long term risk in humans would improve our capability in safety 

testing (Laverty et al., 2011). The challenges that need to be addressed are (1) more detailed 

characterization of the current prevalence of CV ADR (2) understanding the mechanism of 

their origin and (3) verifying the reliability of preclinical CV biomarkers in clinical settings 

(Laverty et al., 2011; Weaver & Valentin, 2019b). 

 
The spleen-associated tyrosine kinase (Syk) inhibitor fostamatinib is an example of a 

compound that causes off-target cardiovascular toxicity and was therefore, in combination 

with lack of efficacy reasons, withdrawn from clinical studies (AstraZeneca, 2013; Genovese 

et al., 2014; Taylor et al., 2015). To overcome these safety issues, a second generation of Syk 

inhibitors was developed, including entospletinib, differing from fostamatinib in their 

selectivity profile (Currie et al., 2014). In this thesis, the cardiovascular safety profile of these 

two Syk inhibitors is characterised and used as an example to explore novel approaches in 

cardiovascular safety pharmacology. Below, Syk is introduced in detail, followed by an 

overview of the clinical indications of the Syk inhibitors and their cardiovascular safety profile. 
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1.3. Syk inhibitors 

1.3.1. Syk, linker molecule in immune cells 

Spleen-associated tyrosine kinase (Syk) is a 72 kDa cytosolic tyrosine kinase mainly expressed 

in haematopoietic cells, including B-cells, macrophages and platelets, and plays a crucial role 

in the antibody-mediated adaptive immune response (Cooper et al., 2022; Kiefer et al., 1998; 

Mócsai et al., 2010). This tyrosine kinase serves as a regulatory linker molecule, coupling 

activated immunoreceptors to downstream signalling pathways (D. Liu & Mamorska-Dyga, 

2017; J. Sharman et al., 2015; Westbroek & Geahlen, 2017). Additionally, Syk is found in non-

haematopoietic cells (e.g. osteoclasts) and mediates other physiological functions, such as 

osteoclast maturation and vascular development (Inatome et al., 2001; Mócsai et al., 2010; 

Singh et al., 2012; L. Wang et al., 2021). 

1.3.2. Intracellular signalling pathways of Syk 

The N-terminus of Syk contains two SRC homology 2 (SH2) domains (linked by interdomain A) 

and a C-terminal kinase domain (linked to the second SH2 domain by interdomain B) (Figure 

2) (Arias-Palomo et al., 2007; Turner et al., 2000; Wang L, Devarajan E, He J, Reddy SP, 2005). 

The SH2 domains bind phosphorylated tyrosine residues and, via intramolecular bindings to 

the kinase domain, maintain Syk in an inactive state in resting immune cells (Arias-Palomo et 

al., 2007; Grädler et al., 2013; Singh et al., 2012). 

 

When B-cell receptors, Fc receptors or C-lectin receptors bind to their ligand, they associate 

with transmembrane proteins containing cytoplasmic immunoreceptor tyrosine-based 

activation motifs (ITAM) (Braselmann et al., 2006; Cambier, 1995; Reth & Alarcon B Wileman, 

1989). This interaction leads to rapid phosphorylation of two tyrosine residues of the ITAM, 

regulated by tyrosine kinase of the SCR family (Geahlen, 2014; Johnson et al., 1995; Mkaddem 

et al., 2017; Quek et al., 2000). The dual phosphorylated ITAM recruits Syk through interaction 

with its two SH2 domains (Abram & Lowell, 2007; Johnson et al., 1995) (Figure 2). 

Furthermore, some proteins containing only one ITAM sequence (i.e. Hemi-ITAM) can provide 

a Syk interaction site by dimerizing (e.g. CLEC2 (Bauer & Steinle, 2017; C. E. Hughes et al., 

2010) or dectin-1 (Tidu et al., 2021). 
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Additionally, several tyrosine residues in the linker and kinase domains of Syk are 

phosphorylated, by Lyn or through autophosphorylation. Together, this leads to disruption of 

the auto-inhibiting linker-kinase interactions, exposes of the ATP-pocket and provides docking 

site for the downstream signalling proteins (Johnson et al., 1995; Sada et al., 2001; Tsang et 

al., 2008). As a result, the kinase domain is activated and released for substrate interaction 

(De Castro et al., 2010; Johnson et al., 1995; Tsang et al., 2008). The activated kinase domain 

phosphorylates tyrosine residues in molecules essential in signalling transmission. 

Downstream signalling pathways include MAPK signalling pathway and NF-B (De Castro et 

al., 2010; Takada & Aggarwal, 2004), NFAT (Bendickova et al., 2017; Tidu et al., 2021) and 

PI3K/Akt (L. Chen et al., 2013; Hatton et al., 2012). In this way, Syk is a central player in the 

activation of immune cells (Braselmann et al., 2006; Currie et al., 2014; Mócsai et al., 2010). 

 

Figure 2: Syk as linker molecule in immune cells. Figure represents B cell receptor activation, Fc-receptor and C-type lectins 
are linked to Syk in a similar way. Ligand binding to the immunoreceptor results in recruitment of transmembrane adaptors 
containing ITAMs. Subsequent phosphorylation on the ITAM allows interaction with the N-terminal SH2-domains of Syk, 
eventually leading to the activation of the kinase domain and phosphorylation of tyrosine residues in molecules important in 
downstream signalling of activated immune cells. Figure adapted from Mócsai, Ruland and Tybulewicz, (2010), created in 
BioRender.com. 
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1.3.3. Indication for inhibition of Syk 

As mentioned above, Syk is a master activator of inflammatory responses in immune cells, 

and as a result, inhibiting Syk activity broadly and comprehensively dampens inflammation 

(Singh, Masuda and Payan, 2012; Geahlen, 2014; N. Cooper et al., 2022). Given Syk’s location 

at the top of the signalling cascade, it is an ideal target for auto-immune disease management 

(Geahlen, 2014). Below, an overview of pathologies where Syk inhibition is investigated is 

given, followed by an introduction on the inhibitors fostamatinib and entospletinib, and their 

cardiovascular safety profile. 

 

Syk is a crucial molecule in B-cell signalling and an important target in oncology, in particular 

B-cell lymphomas (Gobessi et al., 2009; Hatton et al., 2012; L. Chen et al., 2013). Disruption 

of Syk in mice leads to a lack of mature B-cells and petechia-like haemorrhages that were later 

identified as blood-filled lymphatic vessels, showing that Syk is important in separation of 

lymphatic vessels from blood vessels (Abtahian et al., 2003; Mócsai, Ruland and Tybulewicz, 

2010). 

 

Additionally, given its central role in Fc receptor signalling in macrophages, Syk is an 

interesting target for therapies in allergy and auto-immune diseases (Meltzer, Berkowitz and 

Grossbard, 2005; Tabeling et al., 2017; Newland et al., 2018; Wang et al., 2021). Syk inhibition 

has shown positive results in these pathologies, but the exact mechanism of action of this 

inhibition is still not fully understood, due to Syk being involved in various pathways of diverse 

immune functions (Mócsai, Ruland and Tybulewicz, 2010; Currie et al., 2014). Moreover, Syk 

is required for signalling of viral oncogenes, such as Epstein Barr virus (Lu et al., 2006; Hatton 

et al., 2012) and Kaposi’s sarcoma-associated herpesvirus (Lagunoff, Lukac and Ganem, 2001), 

but, in contrast, it supresses tumour growth in some other non-haematopoietic tumours (Lei 

et al., 2005; Nakashima et al., 2006). 
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Recently, as Syk inhibition protected against lipopolysaccharide (LPS)-induced acute lung-

injuries and thrombosis in mice, it has been explored to reduce the severity of COVID-19 

infections (N. Cooper et al., 2022; Mallat et al., 2021; Strich et al., 2022; Vergis et al., 2021). 

This approach could attenuate the pro-inflammatory response and the platelet hyperactivity 

in response to COVID-19 complexes and therefore help in managing inflammation and 

coagulopathy in these patients (Apostolidis et al., 2022; Behnen et al., 2014; Bye et al., 2021; 

Strich et al., 2021).  
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1.3.4. First generation of Syk inhibitors: fostamatinib 

1.3.4.1. Indications 

Fostamatinib (Tavalisse®, active metabolite R406) is currently the only licenced Syk inhibitor, 

FDA approved in 2018 and EMA approved in 2020 for second-line treatment of chronic 

immune thrombocytopenia (ITP) (Connell & Berliner, 2019; Mullard, 2018; Newland & 

McDonald, 2020). In ITP, a defect in immune tolerance leads to a lack of platelet production 

and an increased destruction of platelets, resulting in excessive bleeding (Kistangari & 

McCrae, 2013; Zufferey et al., 2017). Binding of auto-antibody covered platelets to the Fc 

receptor of macrophages triggers activation of Syk, inducing cytoskeletal rearrangement and 

phagocytosis of antibody-covered platelets (Braselmann et al., 2006; Crowley et al., 1997; 

Nugent et al., 2009). Additionally, Syk plays a role in the production of the anti-platelet 

antibodies (Altomare et al., 2019; Crowley et al., 1997; Nugent et al., 2009). Inhibiting Syk is 

an attractive approach for treatment of ITP, as it attenuates both phagocytoses of platelets 

by macrophages and production of auto-antibodies by B-cells (Crowley et al., 1997; Mehta et 

al., 2022; Vicente-Manzanares & Sánchez-Madrid, 2004). Fostamatinib showed beneficial 

effects in ITP in mice and human (Podolanczuk et al., 2009) and Phase III clinical trials have 

proven its efficacy (Bussel et al., 2018; Duliege et al., 2018). Most frequent ADR were 

diarrhoea, hypertension and nausea (Bussel et al., 2018; D. Hughes et al., 2019). 

  

Another indication where fostamatinib presented promising outcomes, is rheumatoid 

arthritis (RA). Syk gain of function mutations result in excessive osteoclast genesis in mice (L. 

Wang et al., 2021). Furthermore R406, the active metabolite of fostamatinib, blocked Syk-

dependent activation of monocytes, macrophages and neutrophils, and reduces immune 

complex-mediated inflammation in RA models (Braselmann et al., 2006). Fostamatinib 

showed efficiency in animal models and human volunteers, reducing inflammatory processes 

and the severity of arthritis (Pine et al., 2007; M E Weinblatt et al., 2010; Michael E. Weinblatt 

et al., 2008). However, its development for RA was later discontinued, as fostamatinib failed 

to meet efficacy end-points (inferior in disease control of RA compared to marketed therapy) 

in Phase II and Phase III trials and showed dose-limiting toxicities (AstraZeneca, 2013; 

Genovese et al., 2014; Taylor et al., 2015). The reported ADR were similar as those observed 

in the ITP trials; diarrhoea, hypertension and neutropenia (Genovese et al., 2011; Mullard, 
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2018; Taylor et al., 2015).  In a phase II clinical trial, an increase of systolic blood pressure 

(SBP) of 3 mmHg was reported, with 23% of patients requiring initiation or change of 

antihypertensive therapy (M E Weinblatt et al., 2010). 

 

Additionally, fostamatinib is undergoing phase II trials for haematological malignancies, e.g., 

in chronic lymphoid leukaemia, as fostamatinib selectively inhibits the growth of malignant 

B-cell population (Barr et al., 2012; N. Cooper et al., 2022; Friedberg et al., 2010; Herman et 

al., 2013). In other malignancies, fostamatinib showed limited anti-tumour activity (Friedberg 

et al., 2010; D. Liu & Mamorska-Dyga, 2017; Mullard, 2018; S. R. Park et al., 2013). Lastly, as 

Syk inhibition could potentially decrease hyperimmune responses and thrombo-inflammation 

in COVID-19 (Apostolidis et al., 2022; Behnen et al., 2014; Bye et al., 2021; Strich et al., 2021),  

fostamatinib has been trialled in patients with mild-to-moderate COVID-19 (N. Cooper et al., 

2022; Mallat et al., 2021; Strich et al., 2022; Vergis et al., 2021) (current clinical trials: 

ClinicalTrials.gov IDs: NCT04629703 and NCT04924660). 
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1.3.4.2. Pharmacology 

Fostamatinib is an orally available prodrug, converted by intestinal phosphatases to its active 

metabolite tamatinib or R406 (Figure 3B and 3C) (Matsukane et al., 2022; Sweeny, Li, Clough, 

et al., 2010). R406 competitively binds to the ATP pocket in the catalytic domain of Syk and 

inhibits its kinase activity (Braselmann et al., 2006; Villaseñor et al., 2009). Beside Syk, R406 

inhibits additional kinases involved in inflammatory processes, e.g. CD135, Jak, Lck, Fyn, Lyn 

and Src (Braselmann et al., 2006; Davis et al., 2011; Newland et al., 2018). This non-specific 

binding might add to the anti-inflammatory therapeutic benefits of fostamatinib (Braselmann 

et al., 2006; Connell & Berliner, 2019). However, the inhibition of a broad range of kinases is 

disadvantageous as well, as the off-target inhibition of VEGFR2 is likely the cause of the 

increased BP observed in clinical trials (Davis et al., 2011; Rolf et al., 2015; M. Skinner et al., 

2014). Furthermore, R406 acts as inhibitor on VEGFR1 and VEGFR3 (Davis et al., 2011; 

Newland et al., 2018; Rolf et al., 2015). The selectivity profile of R406 for selected receptor 

tyrosine kinases (RTK) and intracellular tyrosine kinases, is represented in Figure 3. Outside of 

the kinases, R406 binds few non-kinase proteins, and at clinically relevant plasma 

concentrations only inhibits the adenosine A3 receptor (Braselmann et al., 2006; Rolf et al., 

2015). 
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Figure 3: (A) Kinase selectivity of selected tyrosine kinase inhibitors. The first 6 kinases shown on the x-axis are receptor 
tyrosine kinases, the 9 last kinases are cytoplasmic kinases. Cediranib, sunitinib and motesanib are multi-kinase inhibitors, 
inhibiting both VEGFRs and PDGFRs. Erlotinib is a selective EGFR inhibitor. R406 is not selective for Syk, but also inhibiting 
several receptor kinases and cytoplasmic kinases with similar affinities. Dasatinib is inhibiting several cytoplasmic kinases and 
the PDGFRs. Graph based on data from Davis et al. (2011). (B), (C) and (D) Chemical structure of fostamatinib (B), R406 (C) 
and entospletinib (D). 
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1.3.4.3. Cardiovascular safety concerns 

The development of hypertension as a side effect is not surprising, as a rise in BP is commonly 

observed with tyrosine kinase inhibitors, especially VEGFR2 inhibitors (Lengel et al., 2015; Rolf 

et al., 2015). Skinner et al. (2014) demonstrated that fostamatinib increases BP and decreased 

femoral arterial conductance in vivo. Additionally, the active metabolite R406 reversed VEGF-

induced hypotension and inhibited VEGFR2 phosphorylation and VEGF-stimulated NO 

production in EC (M. Skinner et al., 2014). These findings suggest that the increase in BP 

observed with fostamatinib caused an increased peripheral vascular resistance due to 

vascular constriction by VEGFR2 inhibition (Lengel et al., 2015; M. Skinner et al., 2014). Rolf 

et al. characterised the pharmacological profile of R406 at 314 targets and linked its inhibitory 

effects to BP observations of clinical studies, again showing that inhibition of VEGFR2 is most 

likely the underlying cause of the rise in BP (Rolf et al., 2015). 

 

Lengel et al. evaluated the hypertensive effects of fostamatinib in conscious rats over a period 

of 4 weeks treatment days followed by 3 weeks without drug administration (Lengel et al., 

2015). Administration of 30 mg/kg twice daily for 28 days resulted in a maximum effect of 15 

mmHg increase in BP. The rise in BP followed the increase in plasma concentrations with little 

delay, reflecting clinical observations and suggesting a primary effect on the vasculature, 

rather than being secondary to renal toxicity (Lengel et al., 2015). After cessation of 

treatment, BP returned to initial values and it appeared there were no lasting effects, 

suggesting drug withdrawal in patients with raised BP should result in a reverse to 

normotension (Lengel et al., 2015). This observation was previously reported in clinical trials, 

showing that discontinuation of fostamatinib treatment quickly resolved hypertension 

(Friedberg et al., 2010). Moreover, standard anti-hypertensive drugs such as nifedipine, 

captopril or atenolol, attenuated the fostamatinib-induced hypertension in rats (Lengel et al., 

2015). However, in a patient population with pre-existing cardiovascular morbidities, more 

variability in response to BP changes can be expected due to differences in efficient CV 

compensating reflexes. Therefore the results from studies in healthy rats should be translated 

with caution to safety assessment in elderly and immune-compromised patients (Lengel et 

al., 2015). 
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Multiple fostamatinib clinical trials reported hypertension as an adverse effect. A phase IIb 

trial by Taylor et al. reported 13% of patient receiving 100 mg twice daily developed 

hypertension (Taylor et al., 2015). Two phase III trials reported an elevated BP  (>140/90 

mmHg) in more than 1 visit in 40-47% of patients receiving fostamatinib 100 mg twice daily, 

versus 27% in placebo-treated patients (Genovese et al., 2014; Michael E. Weinblatt et al., 

2014). A meta-analysis including 5 randomised controlled trials for fostamatinib in RA showed 

an increased risk of hypertension (17% vs 7.6% in control group) (Kunwar et al., 2016). 

Importantly, the magnitude of increase in BP following fostamatinib treatment is considerably 

lower than observed with other VEGFR2 inhibitors, for example sunitinib (Rolf et al., 2015). 

Clinical trials generally reported increases around 25 mmHg in systolic pressure and 15 mmHg 

in diastolic pressure following sunitinib treatment (George et al., 2012; Michael E. Weinblatt 

et al., 2008). Other VEGFR2-inhibitors such as cediranib and sorafenib results in increases in 

blood pressure of similar magnitudes (E. S. Robinson, Khankin, et al., 2010; Veronese et al., 

2006). In contrast, fostamatinib was associated with a MAP increase smaller than 10 mmHg, 

which might reflect a lower efficacy for VEGFR2 inhibition (Rolf et al., 2015; M. Skinner et al., 

2014). 

 

Chen et al. performed a systematic review of the overall cardiovascular risk of fostamatinib 

in RA patients, analysing the results of 9 phase II trials and 4 phase III trials (Y. Chen et al., 

2021). Fostamatinib therapy was associated with an increased risk for hypertension, but no 

increase in major cardiovascular events (including acute myocardial infarction, ischemic 

stroke, and cardiac death) or pulmonary heart disease was found (Y. Chen et al., 2021). 

However, the duration of the included trials ranged from 1 to 25 months. This follow-up 

period might be too short to detect major cardiovascular adverse effects, as these take longer 

to develop following onset of hypertension (Y. Chen et al., 2021; Messerli et al., 2017). 

Furthermore, due the relatively small sample sizes of trial included in this meta-analysis, they 

might not be sufficiently powered to detect these uncommon cardiovascular events. 

Therefore severe cardiovascular adverse events arising from fostamatinib therapy should 

remain a concern. (Y. Chen et al., 2021) 
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Treatment with fostamatinib is generally long-term, up to 24 months in the clinical trials 

(Duliege et al., 2018), so BP pressure changes should be carefully monitored and 

antihypertensive therapy should be set up if necessary. Patients with pre-existing 

hypertension should be treated adequately in order to manage high BP before starting 

fostamatinib (Connell & Berliner, 2019). Overall the rise in BP is seen as a manageable ADR, 

but dose reduction, treatment discontinuation or antihypertensive therapy can be necessary 

(Lengel et al., 2015; Newland & McDonald, 2020; Rolf et al., 2015). 

 

Overall, fostamatinib has shown encouraging results in multiple in vivo models in treating 

inflammatory, autoimmune and oncological diseases (Braselmann et al., 2006; Gobessi et al., 

2009; Podolanczuk et al., 2009). Moreover, clinical trials of fostamatinib in these pathologies 

have shown promising efficacy results, but ADR (neutropenia, gastro-intestinal side effects 

and hypertension) has limited its use in clinical settings and fostamatinib’s safety profile stays 

a major limitation for full clinical use, especially in chronic applications (Y. Chen et al., 2021; 

Currie et al., 2014). 
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1.3.5. Second generation Syk inhibitor: entospletinib (GS-9973) 

To improve the safety liabilities seen with fostamatinib, a second generation of Syk inhibitors 

with a better selectivity profile were developed (D. Liu & Mamorska-Dyga, 2017). These 

second generation compounds aimed to achieve higher levels of Syk inhibition, with minimal 

binding to other tyrosine kinases and without the associated dose-limiting ADR (Currie et al., 

2014; J. Sharman & Di Paolo, 2016). One of those novel compounds is entospletinib (GS-9973) 

(Currie et al., 2014; J. Sharman et al., 2015). Currie et al. (2014) showed that entospletinib 

bound with a high affinity to Syk and displayed low affinities (>10 fold lower relative to Syk) 

for other off-target kinases, including VEGFR2. Hence entospletinib displayed a good 

selectivity for Syk. Moreover, entospletinib had a higher potency to inhibit Syk-mediated 

functional responses than R406 (EC50 26 nM versus 53 nM), and lower potency to inhibit 

VEGFR2 phosphorylation (EC50 >1000 nM versus 36 nM) (Currie et al., 2014). Entospletinib is 

believed to have this higher selectivity for Syk over other tyrosine kinases as it has a more 

rigid structure than R406 and cannot adopt multiple conformations to bind to several kinases 

(Figure 3D) (Currie et al., 2014). Entospletinib is currently in development for lymphoid 

malignancies and leukaemia’s, mostly in combination therapy with Bruton’s tyrosine kinase 

inhibitors or new therapeutic antibodies (Currie et al., 2014; Danilov et al., 2020; D. Liu & 

Mamorska-Dyga, 2017; Morschhauser et al., 2021; J. Sharman et al., 2015). Compared to 

fostamatinib, entospletinib is generally well tolerated and shows fewer dose-limiting 

cardiovascular ADR (D. Liu & Mamorska-Dyga, 2017; J. Sharman et al., 2015). Except for one 

Phase I/II trial in AML that combined entospletinib with induction chemotherapy and 

reported hypertension as an adverse effect in 6 from 53 patients (Walker et al., 2020), no 

other Phase I or Phase II trials reported hypertension as an observed ADR with entospletinib 

(Burke et al., 2018; Danilov et al., 2020; Lam et al., 2021; Morschhauser et al., 2021; J. 

Sharman et al., 2015). 

In summary, VEGFR2 is the main contributor to fostamatinib’s safety issues (M. Skinner et al., 

2014). On the other hand, entospletinib is more selective for Syk, doesn’t bind VEGFR2 (Currie 

et al., 2014) and so far has not been associated with hypertension in clinical trials (Burke et 

al., 2018; Danilov et al., 2020; Lam et al., 2021; Morschhauser et al., 2021; J. Sharman et al., 

2015). Below, the physiological and pathological functions of VEGFR2 are presented, followed 

by an introduction on its role in cardiovascular safety issues. 
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1.4. Vascular Endothelial Growth Factor (VEGF) inhibitors 

1.4.1. The VEGF family 

During the development of an embryo, the first organ to develop and become functional, is 

the heart and vasculature (Risau and Flamme, 1995). Vasculogenesis, the differentiation of 

vascular endothelial cells (EC) and development of the vascular system is a crucial step in this 

early stage of life (Risau and Flamme, 1995; Goldie, Nix and Hirschi, 2008). Similarly, in adults, 

the formation of new blood vessels out of pre-existing vessels, termed angiogenesis, is 

essential in several physiological processes, such as wound healing and the menstrual cycle 

(Felmeden et al., 2003; Koch et al., 2011; W. Risau, 1997). Vascular Endothelial Growth Factor 

(VEGF) is identified as the key signalling molecule in angiogenesis, through its potent action 

on ECs (Felmeden et al., 2003; Mabeta & Steenkamp, 2022; W. Risau, 1997). The VEGF family 

consists of five ligands: VEGF-A, VEGF-B, VEGF-C, VEGF-D and placental growth factor (PlGF) 

(Ferrara, 2004; Holmes et al., 2007; Koch et al., 2011) (Figure 4). The most important regulator 

of angiogenesis is VEGF-A, also referred to as Vascular Permeability Factor (VPF) or simply 

VEGF (Connolly et al., 1989; Ferrara & Adamis, 2016; Keck et al., 1989; Senger et al., 1983). 

 

Alternative exon splicing of the human VEGF-a gene results in splice variants with a different 

number of amino acids, including VEGF121, VEGF165, VEGF189 and VEGF206 (Houck et al., 1992; 

Mabeta & Steenkamp, 2022; C. J. Robinson & Stringer, 2001) Structural differences in these 

isoforms are linked to their affinity for the VEGF-receptors and co-receptors (Ferrara, 2004; 

Holmes et al., 2007; Koch et al., 2011). Moreover, the different isoforms display different 

binding properties to cell surface heparin sulfate and the extracellular matrix (ECM). For 

example, VEGF121 does not bind heparin and is freely diffusible (Houck et al., 1992; Mabeta & 

Steenkamp, 2022). Other isoform, such as VEGF189 and VEGF206 with a high affinity for heparin, 

are sequestered in the ECM by binding to heparin-like molecules, and are be released by 

heparin, heparinase or plasmin to diffusible forms (Houck et al., 1992; Mabeta & Steenkamp, 

2022; Mamer et al., 2020; J. E. Park et al., 1993). This proteolytic release of VEGF is an 

important regulator of its activity and location (Ferrara, 2004; Künnapuu et al., 2021; Pepper, 

2001). 
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VEGF165a is the most abundant isoform and the major regulator of vessel growth and vascular 

permeability (Houck et al., 1992; Robinson and Stringer, 2001). This isoform has intermediate 

diffusion properties, as it is secreted, but also found in significant amounts on the cell surface 

(Park, Keller and Ferrara, 1993; Robinson and Stringer, 2001). Paradoxically, VEGF165b, an 

alternatively spliced variant of VEGF165, is reported to act as an partial agonist on the VEGF 

receptors, and has an anti-angiogenic effect in vivo (David O. Bates et al., 2002; Woolard, 

Wang, et al., 2004; Peach et al., 2018). 

1.4.2. VEGF receptors 

Ligands of the VEGF family act through binding to receptor tyrosine kinases (RTKs): VEGFR1, 

VEGFR2 and VEGFR3 (Figure 4) (Ferrara, 2004; Holmes et al., 2007). These receptors are 

expressed on the surface of a wide range of cells, including vascular and lymphatic Ecs 

(Jakeman et al., 1992; Monaghan et al., 2021; Soker et al., 1996) and bone marrow-derived 

cells, e.g. monocytes and macrophages (Adini et al., 2002; Broxmeyer et al., 1995; Ganta et 

al., 2019; Shen et al., 1993; Yamashita et al., 2022). VEGFR1 and VEGFR2 consist of seven 

extracellular immunoglobulin-like domains, a short transmembrane domain and an 

intracellular tyrosine kinase domain (Holmes et al., 2007; M. Shibuya et al., 1990; Terman et 

al., 1991). Both VEGFR1 and VEGFR2 bind VEGF-A (Kilpatrick et al., 2017; Olsson et al., 2006; 

Peach et al., 2018). VEGFR1 binds VEGF-A, VEGF-B and PlGF (Koch et al., 2011; Olsson et al., 

2006) (Figure 4). The soluble form of VEGFR1 is reported to have inhibitory regulating effects 

on VEGF activity, as it binds VEGF-A with a high affinity and therefore hinders its binding to 

VEGFR2 (Aiello et al., 1995; Goldman et al., 1998; Kendall & Thomas, 1993; Mabeta & 

Steenkamp, 2022). Even though VEGFR2 binds VEGF-A with a 10-fold lower affinity than 

VEGFR1, the former is the key receptor in vascular endothelial cell development and 

proliferation, angiogenesis and permeability changes of the vasculature (Holmes et al., 2007; 

Mabeta & Steenkamp, 2022; Millauer et al., 1993; Terman et al., 1991). VEGFR3 is highly 

homologous to VEGFR1 and VEGFR2 and binds VEGF-C and VEGF-D, important regulators of 

lymphatic angiogenesis (Ferrara, 2004; Joukov et al., 1996; Karkkainen et al., 2002). 

Additionally, the neuropilins (NP) act as coreceptors for some isoforms of VEGF, enhancing 

the VEGF binding to VEGFR2 and the subsequent signal transduction (Fuh et al., 2000; Peach 

et al., 2018; Soker et al., 1996, 1998). 
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When VEGF binds to its receptor, receptor dimerization occurs. Both homodimers, where the 

two receptor chains are identical, and heterodimers, where the two receptor chains are 

similar, but not identical, can be formed (Figure 5). Upon dimerization, intracellular tyrosine 

residues of the receptor chains are phosphorylated, providing docking sides for subsequent 

adapter proteins and signalling molecules, and conformational changes will initiate the kinase 

activity of the receptor, activating downstream signalling pathways (Ferrara & Adamis, 2016; 

Koch et al., 2011; Manni et al., 2014). The full amino acid sequence of human VEGFR2 is given 

in the Appendix (section 8.2.). 

 

  

Figure 4: VEGF receptor ligand binding. The VEGF family, consisting of 5 ligands, binds to three receptor tyrosine 
kinases:  VEGFR1, VEGFR2, and VEGFR3, resulting in the formation of homo- or heterodimers of the receptor chains. 
Figure adapted from Olsson et al. (2006), created in BioRender. 
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1.4.3. Physiological actions of VEGF 

Hypoxic conditions importantly promote the expression of the VEGF-a gene, mediated 

through hypoxia-inducible factor (Arcondéguy et al., 2013; Y. Liu et al., 1995; Minchenko et 

al., 1994; Pugh & Ratcliffe, 2003). In addition, there are several growth factors (e.g. 

transforming growth factors (Pertovaara et al., 1994) and epidermal growth factor (Frank et 

al., 1995)), hormones (e.g. corticotropin (Shifren et al., 1998) and the gonadotropins 

(Christenson & Stouffer, 1997)) that regulate the expression of VEGF (Arcondéguy et al., 2013; 

Pagès & Pouysségur, 2005). As described above, the binding of VEGF-A to VEGFR2 is the key 

factor in vascular development and angiogenesis, as it promotes the proliferation, survival 

and migration of vascular Ecs (Connolly et al., 1989; Keck et al., 1989; Mabeta & Steenkamp, 

2022; Senger et al., 1983). VEGF-A increases vascular permeability and plays an important 

role in inflammation (Keck et al., 1989; Proescholdt et al., 1999; Senger et al., 1983; Thickett 

et al., 1999; Zhou et al., 2022). Lastly, activation of VEGFR2 causes an in vitro vasorelaxation 

in coronary arteries and in vivo hypotension, transient tachycardia and a decrease in cardiac 

output (D. D. Ku et al., 1993; M. Skinner et al., 2014; R. Yang et al., 1996). 

 

Nitric oxide (NO) functions as a critical player in VEGF-induced angiogenesis, vascular 

permeability and its role in homeostasis of the BP (Eechoute et al., 2012; Fukumura et al., 

2001; Gu et al., 2009). Furthermore, the hypotensive effect of VEGF-A is believed to be 

mediated through prostacyclin (PGI2) generation and inhibition of endothelial endothelin-1 

(ET-1) production (Colafella et al., 2020; Gliki et al., 2001; Herrmann et al., 2016; Lankhorst et 

al., 2014; Neagoe et al., 2005). Both NO and PGI2 evoke vascular smooth muscle cell relaxation  

and endothelin-1 is a potent vasoconstrictor (Colafella et al., 2020; Fukumura et al., 2001; 

Lankhorst et al., 2014; Neagoe et al., 2005). 

 
VEGF-A supports multiple vital processes, both in the embryonic and postnatal stages. It 

promotes blood vessel formation, affects haematopoiesis and plays a key role in skeletal 

growth. Through its angiogenetic effects, VEGF contributes in an important way to wound 

healing and a normal ovarian cycle (Ferrara, 2004; Koch et al., 2011). 
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1.4.4. VEGF signalling in tumour angiogenesis and inhibition of VEGF 

Next to its importance in several physiological processes, VEGFR2 signalling plays a role in 

pathological conditions, e.g. diabetic retinopathy (Aiello et al., 1995; Malecaze et al., 1994) 

and cancer (D. I. Gabrilovich et al., 1996; Masabumi Shibuya, 2011; Soker et al., 1996). Where 

angiogenesis is a well-regulated process in normal physiological circumstances, this balance 

is disrupted in cancer. There is a so-called ‘angiogenetic switch’, where pro-angiogenic 

factors, secreted by the tumour cells, overrule the anti-angiogenic factors and create a pro-

vascularization micro-environment (Carmeliet, 2005; Dey et al., 2015; Gotink & Verheul, 

2010). Growth of a tumour beyond the size of 1 – 2 mm3 is dependent on angiogenesis, in 

order to meet the high demand of cancer cells for nutrients and oxygen (Ferrara, 2004; 

Folkman, 2007). Most human tumours express VEGF-A mRNA and many in vitro tumour cell 

lines secrete VEGF and upregulate its receptor (Ferrara, 2004; Phillips et al., 1993; Senger et 

al., 1983; Tomisawa et al., 1999), emphasising its crucial role as mediator in tumour 

angiogenesis. These newly-formed blood vessels in a tumour are typically immature, 

disorganised and hyperpermeable and this allows cancer cells to enter the circulation and 

diffuse through the body, resulting in metastasis (D. O. Bates et al., 2002; Nagy et al., 2006; 

Senger et al., 1983; Tomita et al., 2021). Even more, VEGF-A decreases the development of 

dendritic cells, aiding in the escape of tumour cells from the immune system (D. Gabrilovich 

et al., 1998; D. I. Gabrilovich et al., 1996). An upregulated expression of VEGFR2 is seen as a 

marker for prognosis in patients with malignancies and overexpression of VEGF mRNA 

correlates with invasiveness of the tumour and higher recurrence (Ferrara & Adamis, 2016; 

Fine et al., 2000; Tomisawa et al., 1999). 

 

To inhibit angiogenesis in cancer, therapeutic agents interfering with the VEGF signalling 

pathway have been developed (Faivre et al., 2007; Gotink and Verheul, 2010; Tyler, 2012; 

Allegra et al., 2013; Scott, 2015; Aljubran et al., 2019). They reduce the vascularisation of the 

tumour and limit further tumour growth (Kim et al., 1993; Faivre et al., 2007; Scott, 2015). 

Additionally, these drugs normalise the vasculature in the tumour. By reducing 

hyperpermeability and disorganisation of the tumour vessels, VEGF inhibitors enable the 

delivery of chemotherapeutics to the centre of the tumour and decrease the chance of 

metastasis (Ferrara & Adamis, 2016; Jain, 2014; Willett et al., 2004).  
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The first marketed anti-VEGF therapy, bevacizumab (Avastin®), a VEGF-A targeting 

monoclonal antibody, was FDA approved as first-line treatment in metastatic colorectal 

cancer in 2004 (Bennouna et al., 2013; Giantonio et al., 2007; U.S. Food & Drug 

Administration, 2004), and more recently for treatment for several other cancer types 

including ovarian cancer (Burger et al., 2011), non-small cell lung cancer (Sandler et al., 2006) 

and renal cancer (J. C. Yang et al., 2003) (Ferrara & Adamis, 2016). Bevacizumab was generally 

well tolerated during Phase I clinical trials with typical side effects being hypertension and 

proteinuria (Cobleigh et al., 2003; Gordon et al., 2001). Subsequent studies revealed rare 

occurrence of serious side effects such as myocardial infarction and stroke (X. L. Chen et al., 

2013; Tebbutt et al., 2011). 

 

Another class of anti-VEGF therapeutics are the receptor tyrosine kinase inhibitors (RTKIs). 

These hydrophobic small molecule inhibitors easily pass through the cell membrane, where 

they target the intracellular ATP-binding site of the VEGFR2 and inhibit the downstream 

signalling pathways (Ferrara & Adamis, 2016; Gotink & Verheul, 2010; Holmes et al., 2007). 

One example is sunitinib (Sutent®), FDA and EMA approved in 2007 for advanced renal cell 

carcinoma (Faivre et al., 2007; Motzer et al., 2007; Ferrara and Adamis, 2016), and later also 

marketed for treatment of gastrointestinal stromal tumours, refractory or intolerant to 

imatinib and pancreatic cancer (Ferrara & Adamis, 2016; Kee & Zalcberg, 2012; Raymond et 

al., 2011). As with bevacizumab, hypertension and proteinuria were observed in this class of 

anti-VEGF therapies (Carter et al., 2017; Hayman et al., 2012; Møller et al., 2019; Zhang et al., 

2014). Other side effects include fatigue, diarrhoea, skin discoloration and hand-foot 

syndrome (Ferrara & Adamis, 2016). More recently approved tyrosine kinase inhibitors 

targeting VEGFR2 are axitinib (Inlyta®, FDA approved for renal cell carcinoma in 2012 (Tyler, 

2012), regorafenib (Stivarga®, FDA approved for metastatic colorectal cancer in 2012 

(Aljubran et al., 2019; Leach, 2012) and lenvatinib (Lenvima®, FDA approved for thyroid cancer 

in 2015 (Scott, 2015). Hypertension remains a frequently reported side effect with these 

newer generation inhibitors (Agarwal et al., 2018; Møller et al., 2019; Scott, 2015; Tyler, 

2012). Similarly, cediranib, a non-marketed VEGFR inhibitor, leads to rapid development of 

hypertension and proteinuria (E. S. Robinson, Matulonis, et al., 2010).  
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The ATP-binding site targeted by RTKIs is highly conserved across the kinome (Chakraborty et 

al., 2019; D. Huang et al., 2010). Many of  VEGFR2 inhibitors do not only affect the VEGFR, but 

target a number of other kinases as well, e.g. the structurally related receptor for Platelet 

Derived Growth Factor (PDGF) and the structurally unrelated receptor for Fibroblast Growth 

Factor (FGF) (Davis et al., 2011; Ferrara & Adamis, 2016; Gotink & Verheul, 2010). Both PDGF 

and FGF are important mediators of angiogenesis. The antitumoral activity of the RTKIs is 

mediated through this multiple target inhibition and is, in some cases, not only affecting the 

Ecs but tumour cells as well (Ferrara & Adamis, 2016).  

 

Targeting VEGF has been proven to be an effective anti-angiogenic approach both in animal 

models and in human cancers, and offers clinical improvement especially for patients with 

advanced cancers, left with limited treatment options (Dey et al., 2015; Ferrara & Adamis, 

2016; Gotink & Verheul, 2010). However, two major issues have been hindering extensive use 

of the anti-VEGF therapies in clinical practice: therapy resistance and the occurrence of 

toxicity, as detailed below (Bergers & Hanahan, 2008; Dey et al., 2015; Gotink & Verheul, 

2010). 
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1.4.5. Resistance to antiVEGF therapy 

In preclinical and clinical studies, the benefits of anti-angiogenic therapy are often only 

transient and resistance to the RTKI-therapy emerges inevitably (Bergers & Hanahan, 2008). 

Both adaptive and intrinsic resistance are observed (Bergers & Hanahan, 2008; Ellis & Hicklin, 

2008; Gotink & Verheul, 2010). In adaptive resistance, or evasive resistance, the therapy 

achieves clinical benefit at first, but fails to show lasting inhibition of tumour growth. Typically 

after a few weeks or months, the tumour is able to circumvent the inhibition and progresses 

further (Bergers & Hanahan, 2008; Ellis & Hicklin, 2008; Gotink & Verheul, 2010). Several 

escape routes have been suggested, but the development of resistance is most likely a 

multifactorial process and is still not fully understood (Broxterman et al., 2009; Itatani et al., 

2018). Processes that are suggested to be involved are drug efflux, activation of alternative 

angiogenic pathways, mobilization of pro-angiogenic bone-marrow derived cells and vascular 

mimicry, wherein aggressive tumour cells differentiate and build vessel-like channels in a 

VEGF-independent manner (Bergers & Hanahan, 2008; Broxterman et al., 2009; Dey et al., 

2015). Small molecule RTKIs are mostly multitargeting inhibitors, therefore resistance was 

initially not expected. However, as tyrosine kinases are not exclusive expressed on Ecs but 

can also be found in tumour cells, the hypothesis was raised that RTKIs target these dynamic 

and quickly adapting cells as well, and, through mutations and alternative signalling pathways, 

the tumour cells contribute to the reversal of initial response (Broxterman et al., 2009; Gotink 

& Verheul, 2010). 

 

Moreover, pre-existing resistance or intrinsic resistance is reported, where no tumour 

regressions or retardation in tumour growth takes place after the onset of therapy 

(Rosenzweig, 2018; Y. Yang et al., 2022). Most likely one or multiple of the above mentioned 

mechanisms are already pre-existing in this type of resistant tumours, activated earlier in the 

development of the tumour (Bergers & Hanahan, 2008; Gotink & Verheul, 2010).  
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1.4.6. Cardiovascular safety concerns of VEGF-inhibition 

Over the last decade, increasing attention has been given to CV care for cancer patients. As a 

result of the development of effective antitumoral agents, survival of cancer patients is 

prolonged. These improvements come with a demand for more CV care (Izzedine et al., 2009; 

Touyz et al., 2017b). Given that cancer patients are at higher risk of CV events and 

additionally, numerous chemotherapies display onset or worsening of systemic hypertension, 

it is important to prevent and monitor changes in haemodynamic parameters in this patient 

population (Herrmann et al., 2016; Izzedine et al., 2009). The antiangiogenic drugs are often 

used as an adjuvant or maintenance therapy, again underscoring the importance of 

considering the effects of long-term BP elevations (Dey et al., 2015). Small drug-induced 

increases in SBP are associated with an increased risk for major CV events, especially in 

patients with CV comorbidity or other CV risk factors (Lewington et al., 2002; Sager et al., 

2013). On the other hand, hypertensive patients’ risk for CV events are significantly decreased 

when their SBP is lowered by 5 mmHg (Blood Pressure Lowering Treatment Trialists 

Collarobation, 2008; Sager et al., 2013). 

 
RTKs are expressed in multiple tissues, where they play an important role in the homeostasis 

of the CV system. In adulthood, Ecs remain mostly quiescent, therefore the angiogenesis 

inhibitors were not expected to affect the normal vasculature and little adverse drug 

reactions were foreseen (Carmeliet, 2005; Gotink & Verheul, 2010; Touyz et al., 2017a). 

Nonetheless, clinical studies have exposed various CV toxicities occurring upon VEGF-

inhibition, including hypertension (Touyz et al., 2017b). The RTKI-induced hypertension is 

dose-dependent. A randomised trial with bevacizumab reported that with a dose of 3 mg/kg, 

3% of patients developed hypertension, while hypertension rates of 36% were observed in 

the high-dose group (10 mg/kg)  (J. C. Yang et al., 2003). Furthermore, drugs inhibiting VEGFR2 

with a higher relative potency compared to other tyrosine kinases, result in higher rates of 

elevated BP than less potent VEGFR2 inhibitors (H. X. Chen & Cleck, 2009; T. Collins et al., 

2018). For example, in vivo, 6 mg/kg cediranib (Kd for VEGFR2 = 1.1 nM) induced around 40% 

increase in MAP, while 12.5 mg/kg vandetanib (Kd for VEGFR2 = 820 nM) induced an MAP 

increase of approximately 20% (Carter et al., 2017). Similar observations have been made 

from clinical trials (H. X. Chen & Cleck, 2009), e.g. a 19 mmHg increase in BP observed with 
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cediranib (E. S. Robinson, Khankin, et al., 2010) versus 12 mmHg with vandetanib (Mayer et 

al., 2011).  

 

In clinical settings, the dose of the RTKI often needs to be lowered or treatment needs to be 

interrupted due to the onset of this hypertension, resulting in a reduced efficacy of these 

therapies (Plummer et al., 2019; Touyz et al., 2017b). Moreover increased incidence of 

ischaemic heart disease, heart failure, QT prolongation leading to an enhanced risk of 

ventricular arrhythmia, thrombo-embolism and cerebrovascular events are reported (B. Liu 

et al., 2016; Touyz et al., 2017b). Failure to predict these serious CV adverse effects in early 

clinical trials might reflect the underestimation of the fact that many cancer patients are at 

predisposing risk of CV toxicity (Touyz et al., 2017b). 
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1.4.6.1. Incidence of CV toxicity 

The reported incidence of hypertension and other CV side effects varies between clinical 

studies. Additionally, due to insufficient reports on post-marketing surveillance, overlap of CV 

symptoms and tumour progression symptoms, and under-reporting of ADR, the total risk of 

CV toxicity due to RTK inhibition is still not well quantified (Abdel-Qadir et al., 2017; B. Liu et 

al., 2016). It is clear however that patients receiving the small molecule VEGF-inhibitors are 

at a remarkably high risk of toxicity on the heart and vasculature, and their CV complications 

should be carefully monitored (B. Liu et al., 2016; Van Dorst et al., 2021). 

  

A meta-analysis of 72 Phase II and Phase III randomized controlled trials (RCT) showed that 

the use of the VEGFR-TKIs enhanced the risk of developing all-grade hypertension with a ratio 

of risk of 3.85 (i.e. relative risk, the ratio of risk of hypertension in the treated group versus 

risk of hypertension in the non-treated group) and high-grade hypertensive incidents with a 

relative risk of 4.60 (B. Liu et al., 2016). Investigating the related risk of congestive heart 

failure, a meta-analysis of 5 Phase II and 16 Phase III RCT showed that treatment with a VEGF-

RTKI is associated with higher risk for all grade congestive heart failure (relative risk of 2.69) 

(Ghatalia et al., 2015). Additionally, a meta-analysis with 10 Phase II and III randomized 

controlled trials reported arelative risk of 2.23 for fatal adverse drug events related to VEGF-

RTKIs, with the two most common cause of death being haemorrhage and myocardial 

infarction (Schutz et al., 2012). A meta-analysis of 77 Phase III RCT and Phase IV post-

marketing studies showed that the angiogenesis inhibitors were associated with an increased 

risk of hypertension (Odds ratio of 5.28, i.e. the ratio of odds of hypertension in the treated 

group versus the odds of hypertension in the non-treated group), Grade 3 or higher 

hypertension (Odds ratio 5.59), arterial thromboembolism (Odds ratio 1.52), cardiac 

dysfunction (Odds ratio 1.35) and cardiac ischaemia (Odds ratio 2.83) (Abdel-Qadir et al., 

2017). 
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1.4.6.2. Renal toxicity 

Besides this direct toxicity at the heart and vasculature, antiVEGF therapy is associated with 

renal toxicity. The VEGF/VEGFR2 interaction at the glomerular EC and podocytes is crucial for 

the normal kidney function (H. X. Chen & Cleck, 2009; Gurevich & Perazella, 2009) and VEGF 

is essential for the development and maintenance of the functional glomerular filtration 

barrier (Eremina et al., 2003; Gurevich & Perazella, 2009). Inhibiting the VEGF/VEGFR2 

pathway is therefore associated with renal toxicity that mostly presents itself as proteinuria, 

a high level of proteins in the urine as the renal barrier function is disrupted (Camarda et al., 

2022; Hayman et al., 2012; Van Dorst et al., 2021). Furthermore, VEGF is important in the 

regulation of the renal perfusion (Eremina et al., 2003). VEGF stimulates endothelial NO 

synthase (eNOS) and therefore increases NO production in the glomerulus (Gu et al., 2009). 

As NO regulates the renal perfusion and sodium excretion (Zou & Cowley, 1999), antiVEGF 

therapy may lead to sodium retention and contribute to an elevated blood pressure (Gu et 

al., 2009; Zou & Cowley, 1999). 

 

Meta-analysis of 13 clinical trials showed that patients treated with sunitinib had an increased 

risk of renal dysfunction (relative risk of 1.36, i.e. the risk of renal dysfunction in sunitinib-

treated-group compared to control group) (Zhu et al., 2009). Similarly, a meta-analysis of 32 

clinical trials showed that patients receiving a VEGFR-inhibitor had an increased risk of 

developing all-grade and high grade proteinuria (Rixe et al., 2007; Zhang et al., 2014). More 

rarely, more severe renal toxicity is reported, such as thrombotic microangiopathy or focal 

segmental glomerulosclerosis (Eremina et al., 2008; Izzedine et al., 2014). 
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1.4.6.3. Mechanisms of anti-VEGF induced hypertension 

As the rise in BP occurs typically within hours of the start of therapy and disappears quickly 

after treatment withdrawal, it has been suggested that this BP effect is due to functional 

changes in vasoreactivity (Herrmann et al., 2016; Touyz et al., 2017b). In 2020, Cooper et al. 

showed a sustained rise in BP in rats, up till 6 days after treatment with RTKIs. As these effects 

seemed to persist into the off-treatment period, it was suggested that structural changes also 

contribute to the CV side effects of these drugs (S. L. Cooper et al., 2020). The observed CV 

toxicity appears to be an “on-target” effect, as the CV safety issues are observed with all types 

of VEGF inhibition and a higher incidence of hypertension is seen with more potent anti-VEGF 

RKTIs (Carter et al., 2017; H. X. Chen & Cleck, 2009; T. Collins et al., 2018; Gordon et al., 2001). 

 

While the exact mechanism of action causing hypertension and CV toxicity remains unclear 

(Camarda et al., 2022; Touyz et al., 2017a), several mechanisms have been proposed to 

explain the anti-VEGF hypertension (Figure 5). Direct effects on the endothelium include 

endothelial dysfunction and a decrease in NO production, due to a reduced eNOs activation, 

and subsequent decrease of its vasodilatory effects (Eechoute et al., 2012; Neves et al., 2018; 

Touyz et al., 2017a). Additionally, the endothelin system may be partly responsible, as an 

increase in circulating ET-1 levels by VEGF-inhibition causes vasoconstriction via the ET-A 

receptor on smooth muscle cells (Camarda et al., 2022; Colafella et al., 2020; Herrmann et al., 

2016; Touyz et al., 2017a). Although less studied, prostacyclin, a potent vasodilator, could 

have a role in RTKI-induced hypertension as well, as anti-VEGF therapy could interfere with 

the physiological VEGF-induced production of prostacyclin (Colafella et al., 2020; Gliki et al., 

2001; Neagoe et al., 2005).  
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Additionally, several mechanism contributing to vessel remodelling and increased vascular 

resistance have been suggested. For example, VEGFR2-inhibition leads to capillary 

rarefaction, a decrease in the number of micro-vessels and therefore reduction in 

microvasculature area in the capillary beds, that might increase the vascular resistance and 

contribute to elevated blood pressure levels (Kamba et al., 2006; Steeghs et al., 2010). 

Furthermore, Catino et al. have shown that sunitinib induced arterial stiffening and suggested 

this phenomenon to be involved in the development of RTKI-induced hypertension (Catino et 

al., 2018). Lastly, anti-VEGF induced renal toxicity may contribute to increased BP levels 

through sodium retention, as detailed above (section 1.4.6.2.) (Camarda et al., 2022; Van 

Wynsberghe et al., 2021).  

 

 
Figure 5: Mechanisms adding to antiVEGF-induced hypertension. Inhibition of VEGF/VEGFR2 on the endothelial cells lead to 
a decrease in PGI2 and NO, resulting in an attenuation of relaxation of the vascular smooth muscle cells and reducing of 
vasodilation. Simultaneously, inhibiting VEGFR2 at the endothelial cells leads to an increase in endothelin 1 (ET-1), that 
induces a vasoconstriction via its binding to its receptor on the vascular smooth muscle cells. Furthermore, antiVEGF therapy 
results in a decreased production of NO in the glomerular capillary, ultimately leading to an increase in sodium retention and 
blood volume overload. Additionally, RTKI-induced capillary rarefaction and arterial stiffness contribute to an elevation of the 
blood pressure. Arrows show the change induced by RTKIs (green; increase and red; decrease). Figure adapted from Camarda 
et al. (2022), and created in Biorender.com.  
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1.4.6.4. Management of hypertension  

It has been suggested that hypertension has predictive value of the efficacy of treatment, and 

therefore could serve as biomarker for superior survival outcomes (Bono et al., 2011; 

Hamnvik et al., 2015; Izzedine et al., 2009; Jesus-Gonzalez et al., 2012). Consequently, as the 

development of hypertension is associated with increased survival, it is important to ensure 

that the antihypertensive therapy doesn’t interfere with the anti-tumour mechanism and 

activity of antiVEGF therapy (Camarda et al., 2022; George et al., 2012). 

 

No clear recommendations on what antihypertensive agents are preferred in cancer patients 

treated with antiangiogenic drugs are available, because lack of controlled studies addressing 

different strategies in this patients population (Caletti et al., 2018; Herrmann et al., 2016; 

Izzedine et al., 2009). General guidelines for application of antihypertensive agents should be 

followed and BP management should be adjusted based on individual clinical circumstances 

(Izzedine et al., 2009; B. Liu et al., 2016; Plummer et al., 2019). Lifestyle modifications are 

encouraged, however this is not always the most suitable approach for debilitated cancer 

patients (Izzedine et al., 2009). Angiotensin-converting enzyme (ACE)-inhibitors and 

angiotensin receptor antagonists are the preferred choice of antihypertensive agents in 

patients with proteinuria, another common ADR of anti-VEGF drugs, and patients with chronic 

kidney risks (Herrmann et al., 2016; Izzedine et al., 2009; Jesus-Gonzalez et al., 2012). Another 

class of drugs that is often suggested as first-line treatment in these patients, are the calcium 

channel blockers (CCB). Non-dihydropyridine CCB however (i.e. verapamil and diltiazem) 

should be avoided, as they are inhibitors of CYP3A4 and small molecule RTKIs are CYP3A4 

substrates (Herrmann et al., 2016; Izzedine et al., 2009). Nifedipine, a dihydropyridine CCB is 

known to induce VEGF secretion, therefore this agent should also be avoided. The preferred 

CCB is amlodipine, as it has the ability to reduce vasoconstriction through inhibition of the 

calcium-influx in vascular smooth muscle cells (Izzedine et al., 2009; Jesus-Gonzalez et al., 

2012; Plummer et al., 2019). Others antihypertensive that can be used are diuretics and 

betablockers (Izzedine et al., 2009; Jesus-Gonzalez et al., 2012). Furthermore, drugs 

increasing NO activity are promising agents to bring BP back to pre-treatment levels. For 

example long-acting nitrates (activating NO signalling pathways (Tarkin & Kaski, 2018)), 

phosphodiesterase inhibitors (inhibiting the breakdown of cyclic guanosine monophosphate 

(cGMP), a second messenger that mediates the NO-induced vasodilation (Kukovetz et al., 
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1987)) and betablocker nebivolol (that increases NO production and release (Maffei & Lembo, 

2009; Weiss, 2006)) could be useful in the management of high BP in these patients, but more 

evaluation in clinical trials is needed (Caletti et al., 2018; Izzedine et al., 2009; Jesus-Gonzalez 

et al., 2012). Similarly, ET-receptor antagonists are under investigation for this indication 

(Caletti et al., 2018; Jesus-Gonzalez et al., 2012). 
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1.4.7. Remaining challenges  

Antiangiogenic therapies are increasingly being used in treatment of solid advanced tumours, 

but their therapeutic use has been hindered by CV toxicity. Hypertension is often a dose-

limiting factor, therefore this ADR should be carefully monitored and managed in patients 

receiving these drugs. No specific guidelines for antihypertensive strategies in patients 

treated with anti-VEGF RTKIs are available, so general guidelines should be followed. It is not 

yet clear to what extend the increased BP should be lowered (Izzedine et al., 2009; Jesus-

Gonzalez et al., 2012; Plummer et al., 2019). Further research on the mechanisms of this anti-

VEGFR2 hypertension is needed (Camarda et al., 2022; Herrmann et al., 2016; Touyz et al., 

2017a). More complete understanding will facilitate the development of antiangiogenic 

strategies with a preserved therapeutic effect and more beneficial safety profile (Touyz et al., 

2017b). 

 

Not only the above-mentioned antiangiogenic drugs exhibit cardiovascular toxicity due to 

VEGFR2 inhibition. Other multikinase inhibitors that are binding VEGFR2 display a similar 

cardiovascular safety profile. An example of this is Syk inhibitor fostamatinib, as discussed 

above (Section 3.4), binding off-target at VEGFR2 and associated with a rise in BP (Connell & 

Berliner, 2019; Newland & McDonald, 2020; M E Weinblatt et al., 2010). In this thesis, 

alongside well-known VEGFR2 inhibitors, the cardiovascular safety profiles of Syk inhibitors 

fostamatinib and entospletinib are characterised and presented as an example to explore 

novel tools in cardiovascular safety pharmacology. A new approach for in-depth waveform 

analysis, SPAR, was applied on cardiovascular waveforms recorded in rats (blood pressure and 

blood flow waves) and novel markers for cardiovascular toxicity were investigated.  
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1.5. Cardiovascular waveform analysis 

1.5.1. Generation and physiology of the cardiovascular waves 

Both BP and blood flow are haemodynamic waves, defined as a change in pressure or flow 

that propagates along the blood vessel. They produce periodic pulse waveform signals, 

presenting as a repeating cycle at a particular location in the vasculature (Mynard et al., 2020; 

W. W. . Nichols et al., 2022). The characteristics of the profile of the BP waves and blood flow 

waves are the result of a complex interplay of several components in the cardiovascular 

system (Kelly et al., 1989; Kips et al., 2009; Namasivayam et al., 2009; Wilkinson et al., 2002). 

Left ventricular contractility and chronotropy, the diameter and wall elasticity of large arteries 

and the resistance in the microvasculature determine the pulse waveform, as discussed 

below. Theoretically the blood viscosity affects the waves as well, however this typically 

remains constant and therefore has a minimal effect on the overall wave (Avolio et al., 2009; 

Mynard et al., 2020; W. W. . Nichols et al., 2022). 

 

Each cardiac contraction pumps blood out of the heart, generating a pulse that travels as a 

pressure through the vessels (Mynard et al., 2020; W. W. . Nichols et al., 2022; Townsend et 

al., 2015). At bifurcation points or at positions where properties of the vessel wall change (e.g. 

change in compliance or characteristic impedance of the vessel), part of the BP wave is 

reflected on the arterial wall, travels backwards and affects the pressure profile of the next 

wave (Figure 6A). In an arterial waveform, this reflection results in a second systolic peak and 

the anacrotic notch (indicated in Figure 7) (Avolio et al., 2009; S. Laurent et al., 2006; 

Townsend et al., 2015). The dicrotic notch in the aortic waveform is mostly attributed to the 

closing of the aortic valve in the heart (Figure 7) (Hoeksel et al., 1997; Kips et al., 2009). 
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Figure 6: Differences in waveform reflection effects at different sites of the vascular tree. (A) Schematic representation of 
the aortic pressure waveform. The reflected wave affects mostly the systolic part of the pulse. (B) Schematic representation 
of the peripheral wave. The reflected waveform creates an additional notch in the downstroke of the pulse. Figure adapted  
from Millasseau et al. (2003) and Avolio et al. (2009). 

 

It is important to note that wave reflections affect the peripheral waveforms in a different 

way than central waves. As shown in Figure 6B, in the a brachial wave, the reflected wave 

arrives during the late systole or diastole of the pulse and affects primarily the downstroke, 

rather than adding to the systolic peak pressure (Avolio et al., 2009; Kelly et al., 1989; Mills et 

al., 2000). Figure 6 is showing a simplified schema of the reflection effect from one wave. In 

reality, the final profile of the pressure wave is the sum of the forward wave and multiple 

reflected backward waves (Avolio et al., 2009; Mynard et al., 2020; Townsend et al., 2015). 
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Figure 7: Components of the arterial pressure waveform. The end-diastolic blood pressure (DBP) is the minimum pressure 
reached before the start of a new pulse. The systolic pressure (SBP) is the maximum pressure. Pulse pressure (PP) is defined 
as the difference between SBP and DPB. Due to waveform amplification, the PP is usually higher in peripheral waves than 
central waves. Pulse pressure amplification (PPA) is often reported as the ratio of brachial PP to central PP. The anacrotic 
notch indicates the onset of a reflected pressure waveform. The dicrotic notch in the aortic waveform is mostly attributed to 
the closing of the aortic valve in the heart. The augmentation pressure is defined as the difference between the pressure at 
the anacrotic notch and the SBP. The augmentation index (AIx) is the ratio of augmentation pressure to PP. The inflection 
time Ti indicates the time of onset of the reflected wave. Figure adapted  from Millasseau et al. (2003) and Avolio et al. (2009). 

 
Importantly, the wave reflection effects are dependent on age, related to an increase in 

arterial stiffness and progressively earlier wave reflection (Kelly et al., 1989; Townsend et al., 

2015). With aging, the aorta and arteries progressively stiffen due to strain, linked to a 

decrease in the compliance of the vessels (Namasivayam et al., 2009; W. W. Nichols et al., 

2008). This typically leads to (1) an earlier return of the reflected wave and (2) a larger 

amplitude of the reflected wave, together resulting in an increase in aortic PP and SBP 

(Namasivayam et al., 2009; Phan et al., 2016). 
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To ensure tissue perfusion of all vital organs, MAP remains generally unchanged (minimum 

60, typically between 70 and 110 mmHg) at different sites in the arterial vasculature and is 

maintained by several regulating mechanisms, such as the baroreflex of the autonomic 

nervous system and the renin-angiotensin-aldosterone system in the kidney (DeMers & 

Wachs, 2019; Leone et al., 2015). However, the amplitude of the waveform, i.e. the pulse 

pressure (PP), initially increases from the aorta to the elastic arteries, due to wave 

amplification effects (Avolio et al., 2009; W. W. . Nichols et al., 2022) followed by an 

attenuation of the PP as the pulse travels peripherally (Fritz et al., 2022), as shown in Figure 

8. 

 

Figure 8: Typical pressure pulses in the systemic circulation. Initially, an increase in amplitude of the pulse is observed (aorta 
to elastic arteries), followed by a decrease of the amplitude, as the wave travels peripherally. Figure adapted from Fritz et al. 
(2022). 
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As described above, the blood flow presents as a pulsatile wave as well, that is affected by 

the contraction of the heart and wave reflection at impedance mismatches in the vascular 

tree (Holland et al., 1998; Masuda et al., 2013; Mynard et al., 2020). Blood flow is the 

movement of a volume of blood in the vessel, and is measured in volume/time (Hakim et al., 

1994; Holland et al., 1998). Blood flow velocity refers to the speed at which the blood is 

moving through the vessel and is measured in distance/time (Gabe et al., 1969; Klarhöfer et 

al., 2001). Importantly, blood flow velocity is not to be confused with pulse wave velocity. The 

latter represents the velocity of the pulse wave – and not the blood itself – and is usually in 

the range of 5 m/s, thus approximately 10 times faster than the velocity of the blood 

(McEniery et al., 2008; Mynard et al., 2020). 

 

Waveform reflection affects flow waves in the opposite way as pressure waves. As shown in 

Figure 9, instead of augmenting the overall flow - as observed in the BP - a reflected flow wave 

attenuates the wave, as it has the opposite direction of the forward wave. Indeed, flow 

waveforms therefore typically have an early-diastolic flow reversal (Masuda et al., 2013; 

Trihan et al., 2023). 

 

 

 

Figure 9: Schematic representation of blood flow wave reflection: Reflected flow velocity wave will have a 
velocity opposite to the one of the forward wave, therefore attenuate the overall flow velocity. Figure based 
on Mynard et al. (2020) and Willemet and Alastruey (2015). 
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1.5.2. High fidelity waveforms and conventional analysis  

These BP and blood flow signals are recorded as high-fidelity numerical data, for example at 

a frequency of 500 Hz, i.e. 500 recorded data points per s (Greene et al., 2007; Wessel et al., 

2007). To analyse the periodic signals, several mathematical methods can be employed to 

extract information of the waveform and report this as a simplified output that is easy to 

interpret (e.g. MAP or PP) (Laurent et al., 2003; Papaioannou et al., 2016). Conventionally, 

this analysis is performed by extracting peak values or single point averages from the BP 

waves; the systolic and diastolic BP (SBP and DBP, Figure 7) or MAP (Athaya & Choi, 2022). 

The SBP is defined as the maximum pressure reached, the DBP is the minimum pressure 

before the start of the next pulse (Avolio et al., 2009). Mean arterial pressure is calculated as: 

𝑀𝐴𝑃 =  
2∗𝐷𝐵𝑃+𝑆𝐵𝑃

3
         

where MAP is mean arterial pressure, DBP is diastolic blood pressure and SBP is systolic blood 

pressure. 

 

The conventional analysis of MAP, SBP or DBP uses only a small subset of these data points 

and averages these out for further analysis (e.g. (S. L. Cooper et al., 2019) reporting on MAP, 

HR, SBP and SBP) (Mynard et al., 2020; Nandi et al., 2022; O’Rourke & Jiang, 2001). Although 

these values allow the calculation of important haemodynamic variables, this approach 

neglects a potential wealth of information hidden in subtle changes to the waveform 

morphology and variability (Aston et al., 2018; Mynard et al., 2020; Nandi & Aston, 2020). 

There is emerging evidence that changes in the waveform morphology reflect important 

physiological changes, for example a change in compliance of the vessels (W. W. Nichols et 

al., 2008) and arterial stiffness (O’Rourke et al., 2016). Subtle waveform changes have proven 

meaningful markers in several pathologies, amongst others coronary heart disease (Otsuka 

et al., 2006). These examples indicate that these high-fidelity waveforms contain information 

that could help answering important questions when assessing the safety of new drugs. In-

depth characterisation beyond MAP, SBP and DBP, may provide more extensive information 

on the condition of the heart and vasculature when exposed to drugs and help in early 

detection of CV safety liabilities, serving as potential predictive markers. 
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1.5.3. Beyond MAP: approaches for in-depth analysis of cardiovascular 

waveforms 

Wave analysis techniques aim to uncover the wave reflection effects and provide insight into 

how they change in the pulse waves (Mynard et al., 2020; O’Rourke & Jiang, 2001). The 

currently two most used approaches for waveform analysis are discussed below: HR 

variability and pulse wave analysis. 

 

1.5.3.1. Heart rate variability 

A well-established type of wave analysis is HR variability (HRV). HRV extracts the variation in 

HR over time, thus indicates fluctuations of the heart beat over time (Acharya et al., 2006; 

Karim et al., 2011). HRV is typically calculated from the ECG signal (as the RR intervals, the 

time interval between two consecutive R-peaks), but can also be determined from the pulse 

wave (as DBP intervals, the time interval between the DBP of two consecutive pressure 

waves) and is sometimes referred to as pulse rate variability (Kuang et al., 2022; Mejía-Mejía 

et al., 2021). This popular, non-invasive parameter reflects the ability of the heart and 

vasculature to adjust to changing circumstances and serves as an indicator for overall cardiac 

health. It has been proven useful in diagnosis and prognosis in several pathologies such as 

diabetes, renal failure, postinfarction follow-up, the myocardial infarction and sepsis and 

systemic inflammatory response syndrome. In Figure 10, examples of high and low HRV are 

presented. Generally, HRV is high in healthy subjects, but reduces under stress conditions. A 

reduction is HRV has been associated with an increased risk of cardiac events. Moreover, a 

decrease in beat-to-beat variation is an early marker for neuropathy in diabetic patients and 

for inflammation and infection (Acharya et al., 2006; Günther et al., 2012; Karim et al., 2011).  
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Figure 10: Heart rate variability (HRV) A. Schematic example of a subject with low HRV. B. Schematic example of a subject 
with high HRV. Figure based on Kuang et al. (2022); Mejía-Mejía et al. (2021). 
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1.5.3.2. Pulse wave analysis 

In addition to HR variability analysis, the morphology of the waveform can be studied. There 

has been increasing interest in strategies to analyse the pulse waveform, the different 

components contributing to its profile, and the interpretation both central and peripheral 

waveform changes (Mynard et al., 2020; Townsend et al., 2015). The most used measures in 

pulse wave analysis are: (1) PP and pulse pressure amplification and (2) augmentation 

pressure, augmentation index and inflection time. An introduction to these parameters is 

given below. 

 

Other parameters used in pulse wave analysis include pulse wave velocity, position of dicrotic 

notch (Figure 7) and upstroke gradient (Hermeling et al., 2009; Hoeksel et al., 1997; S. Laurent 

et al., 2006; D. P. Lyle et al., 1971; Nirmalan & Dark, 2014; Townsend et al., 2015; Weber et 

al., 2010). 

 

Pulse pressure amplification 

PP is the difference between SBP and DBP (Figure 7). Therefore the brachial PP is larger than 

the arterial PP and pulse pressure amplification (PPA, i.e. the ratio of brachial PP to central 

PP), is a valuable parameter in clinical settings (Avolio et al., 2009; S. Laurent et al., 2006; 

Townsend et al., 2015). Importantly, the HR affects PPA; a slower HR leads to a relatively 

earlier return of the reflected wave. Therefore the peak of the reflected wave will coincide 

with the SBP of the forward wave, resulting in an augmentation of the aortic SBP and PP 

(Millasseau et al., 2003; Wilkinson et al., 2002). Moreover, as detailed above (section 1.5.1.), 

with aging, arterial stiffening results in an increase in wave reflection and PP (Namasivayam 

et al., 2009; Phan et al., 2016). Given that HR, age and additionally sex appear to be the most 

influential predictors of PP, these variables should be taken into account when assessing PPA 

(Avolio et al., 2009). 
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A decreased PPA is associated with increased arterial stiffness and peripheral resistance, 

explained by the increase in wave reflection, thus increasing in central PP and decreasing the 

ratio of brachial over central PP. Indeed, traditional cardiovascular risk factors such as 

hypertension, hypercholesterolemia and diabetes have been associated with a decrease in 

PPA (Avolio et al., 2009; McEniery et al., 2008). Furthermore, in patients with end-stage renal 

disease, a low PPA was a predictor for CV mortality and again linked with an increase in 

arterial stiffness (Safar et al., 2002). Different classes of drugs display different effects on PPA 

(Laurent et al., 2003; Avolio et al., 2009). Some antihypertensive drugs with vasodilating 

actions increase the PPA due to a decrease in wave reflections. Examples are ACE-inhibitors, 

angiotensin receptors antagonists, calcium channel blockers and nitrates (Avolio et al., 2009). 

Atenolol, a beta adrenoceptor antagonist has been reported to decrease the PPA, most likely 

due to their bradycardia-inducing action and subsequent addition of reflection waveforms to 

the systolic peak in the central pressure wave (Dhakam et al., 2008). The extent to which this 

is clinically meaningful and whether this also applies to other beta-blockers is not entirely 

clear (Laurent et al., 2003; Dhakam et al., 2008; Avolio et al., 2009; Pucci, Battista and Schillaci, 

2014) 

 

Rather than replacing the systolic, diastolic or mean pressure, PPA could serve as an additive 

prognostic value and help in decision making by providing additional information on the 

patient’s cardiovascular health. A caveat of PPA is its need for simultaneous measurement of 

pressure waves at two sites of the vasculature (Avolio et al., 2009; Townsend et al., 2015) 

which is not routinely done in either preclinical or clinical settings. 
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Augmentation index and inflection time 

Another parameter used in pulse wave analysis is the augmentation index (AIx), an indicator 

of wave reflection from peripheral vessels (Millasseau et al., 2003; Weber et al., 2010). The 

augmentation pressure is defined as the difference between pressure at the time of inflection 

and the SBP (Figure 7). Consecutively, the AIx is calculated as the ratio of the augmentation 

pressure over PP (González‐clemente et al., 2021; Jeroncic et al., 2016; S. Laurent et al., 2006). 

Next to AIx, the time of inflection point (Ti) has been suggested as measure of transit time of 

waves to travel from the ventricle to the reflection site and back to the site of measurement 

(Hasanzadeh et al., 2020; Trudeau, 2014), however it’s interpretation has been controversial 

(Mynard et al., 2020). 

 

The AIx is determined by a combination of many factors, amongst others the ventricular 

ejection duration, the pulse wave velocity and naturally the stiffness of the large vessels 

(Millasseau et al., 2003; Obara et al., 2009; J. E. Sharman et al., 2009; Weber et al., 2004). 

Moreover, AIx is strongly dependent on HR. As stated above, a slower HR leads to a relatively 

earlier arrival of the reflected wave to the forward wave, therefore results in a larger 

augmentation of the SBP (Millasseau et al., 2003; Wilkinson et al., 2002). 

 

An increase in aortic AIx indicates an increase in arterial stiffness and is predictive for severe 

cardiovascular events. On the other hand, pharmacological interventions resulting in a 

reduction of AIx are considered beneficial, as this indicates a destiffening of the arteries. 

Examples are ACE-inhibitors, angiotensin receptors blockers, CCBs and nitrates. AIx might 

help when identifying patients who might benefit from such treatment (Millasseau et al., 

2003; Weber et al., 2010; Janić, Lunder and Šabovič, 2014; Townsend et al., 2015). 
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Limitations of algorithms for pulse wave analysis  

For correct calculation of the pulse wave parameters, high quality and sufficiently high 

frequency data are needed (Avolio et al., 2009; Millasseau et al., 2003; Mynard et al., 2020). 

Moreover backward and forward wave components need to be correctly identified. To 

determine parameters such as the inflection point and correctly calculate AIx, algorithms of 

pulse wave analysis are needed (Avolio et al., 2009; Mynard et al., 2020; N. Westerhof et al., 

1972). These mathematical methods of pulse wave analysis use principles of fluid dynamics 

and time-domain principles to determine of the parameters of the pulse profile discussed 

above (Mynard et al., 2020; W. W. . Nichols et al., 2022; Parker, 2009; N. Westerhof et al., 

1972). The two methods most studied to accurately label all components of the pulse wave 

are pulse wave separation (PWS) and wave intensity analysis (WIA) (Avolio et al., 2009; 

Hametner et al., 2013; Mynard et al., 2020). However, these methods require, additional to 

the pressure signal, simultaneous recording of a blood flow or blood flow velocity signal 

(Avolio et al., 2009; R. W. Chang et al., 2017; Mynard et al., 2020). The latter two are not 

routinely available during safety screening in preclinical models. Although some methods can 

perform wave analysis using a pressure signal only and are therefore more widely applicable 

(Kips et al., 2009; B. E. Westerhof et al., 2006), these methods are based on multiple 

assumptions and are therefore less informative (Kips et al., 2009; Parragh et al., 2015). Efforts 

have been made to improve the accuracy of these pressure-only methods by using 

estimations of the flow waveform simulated in silico (Hametner et al., 2013; Qasem & Avolio, 

2008; B. E. Westerhof et al., 2006), however these have not yet been proven widely applicable 

due to poor correlations of the predicted and actual wave reflection (Kips et al., 2009; Mynard 

et al., 2020; Parragh et al., 2015). 

 

Overall, both PWS and WIA are not broadly applied yet (Mynard et al., 2020). This is partly 

due to their need for further clinical validation, but also because of the need of simultaneously 

blood flow (velocity) recordings and the complexity of these methods (Kips et al., 2009; 

Mynard et al., 2020). 
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1.5.4. Blood flow waveform analysis 

Although less extensively studied in the literature, the same principles of pressure waveform 

analysis can be applied on flow waves. With methods of wave separation, forward and 

backward waves components can be identified (Masuda et al., 2013).  

 

Efforts have been made to understand several components of a flow pulse. For example, 

Masuda et al. (2013) have defined five characteristics of the simulated carotid artery flow 

velocity waves: first and second systolic peak of flow velocity (S1 and S2 respectively, Figure 

11), minimal end diastolic velocity and maximum diastolic velocity and the notch between 

systole and diastole. They found a strong correlation between the ratio of S2/S1 and arterial 

elasticity. A decreased vessel elasticity caused a decrease in S1 and an increase in S2, due to 

an earlier arrival of the reflected waveform at the site of measurement (Masuda et al., 2013). 

Furthermore, Trihan et al. proposed acceleration time, i.e. the time of onset of the pulse until 

S1, and the maximum acceleration (Figure 11) as an diagnostic indicator for arterial stenosis 

(Trihan et al., 2023). 
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As with pressure waves, flow waves at different sites of the vasculature are affected in 

different ways by wave reflection and the actual flow is the result of the forward flow and 

multiple reflected flows (D. N. Ku, 1997; Masuda et al., 2013; Olufsen et al., 2000; Willemet 

& Alastruey, 2015).  

Figure 11: Examples of pulse wave analysis in the flow velocity wave. Several parameters, such as S1 and S2, 
indicating the first and second peak of blood flow velocity respectively, maximum acceleration and the 
acceleration time are affected by waveform reflection and have been suggested as a useful tool for arterial 
stenosis diagnosis (Masuda et al. 2013, Trihan et al. 2023). Figure based on Mynard et al. 2020 and Willemet 
and Alastruey 2015. 
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1.5.5. Symmetrical Projection Attractor Reconstruction (SPAR) 

The wave analysis methods mentioned above have obvious limitations, such as the 

requirement of simultaneous measurements of either BP at two sites, or BP combined with 

blood flow (Avolio et al., 2009; Mynard et al., 2020). Moreover, noise and natural variability 

often complicate the automated detection of the waveform analysis methods (Friesen et al., 

1990; Nandi et al., 2022; Smulyan, 2019). A technique that may overcome these limitations is 

the mathematical signal processing method Symmetric Projection Attractor Reconstruction 

(SPAR) (Aston et al., 2018; Nandi & Aston, 2020). A scheme of the SPAR method is shown in 

Figure 12. Essentially, by applying the SPAR method on raw waveform data, an ‘attractor’ 

image is generated. Details on how the attractor is generated are described in Chapter 2, 

section 2.3.2.1. From this attractor image, distinct quantifiable features (e.g. colour or size of 

the inner triangle) can be extracted. These features reflect changes in variability or 

morphology of the raw waveform data (Aston et al., 2018; Nandi & Aston, 2020). SPAR does 

not take specific fiducial point measures from the waveform (such as the peak and trough), 

but uses the entire waveform data to generate an attractor which reflects and enlarges subtle 

changes in the wave (Aston et al., 2018; Nandi & Aston, 2020). In this way, SPAR facilitates 

the visualisation and quantification of waveform variability and morphology changes and is 

able to highlight subtle differences that would be less obvious when focusing on MAP, SBP or 

DBP alone (Aston et al., 2018; Nandi & Aston, 2020). The details of this method are described 

extensively in Chapter 2, section 2.3. 

 

 
Figure 12: Schematic of the Symmetric Projection Attractor Reconstruction (SPAR): Raw waveform data are used to 
generate an attractor. This attractor reconstruction of the wave contains all data recorded in the raw wave, and furthermore 
enlarges small changes in the raw waveform. From this attractor, measures can be taken and quantified (e.g. e.g. colour or 
size of the inner triangle) that reflect these changes in the raw waveform.  
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SPAR overcomes several issues that have impeded analysis of entire waveforms in the past. 

This method uses all the recorded datapoints, rather than taking single fiducial points of the 

waveform, and it can be used in the analysis of lengthy traces (Aston et al., 2014; Nandi et al., 

2018). Additionally, unlike methods of PWS and WIA, SPAR does not need accompanying flow 

waves to quantify wave characteristics. Importantly, SPAR is a visual method, therefore may 

be easier to implement, which proved to be challenging with other wave analysis methods 

(Jin et al., 2023; Mynard et al., 2020). Lastly, a key step in SPAR means that it is largely 

unaffected by baseline wander of the original, making the method suitable for more noisy, 

real world data (Aston et al., 2014; Nandi et al., 2018). 

 

SPAR is proven to be an effective method to detect small changes in human BP signals (Aston 

et al., 2018; Nandi & Aston, 2020). For example, cardiovascular diseases (CVDs) with different 

origins affected single point wave measurements in similar ways yet showed distinctive SPAR 

features (Aston et al., 2018; Nandi & Aston, 2020). Moreover, SPAR can be applied to any 

approximately periodic waveform, e.g. ECG (Bonet-Luz et al., 2020; J. V. Lyle et al., 2017) or 

respiratory waves (Pascual et al., 2021) and showed promising results regarding early and 

sensitive detection of physiological changes in these signals. So far, SPAR has been applied to 

in silico data (Aston et al., 2018; Nandi et al., 2018; Serna-Pascual et al., 2023), investigated in 

clinical settings (P. H. Charlton et al., 2015; Y. H. Huang et al., 2022; J. V. Lyle et al., 2017) and 

employed on ECG data recorded in a mouse model (Bonet-Luz et al., 2020). These studies 

reported promising results with SPAR showing high robustness, high sensitivity to classify 

between sexes, and high accuracy to detect particular arrythmias from short ECG recordings 

(Aston et al., 2018; Y. H. Huang et al., 2022; J. V. Lyle et al., 2017). Furthermore, in a proof-of-

concept study exploring the application of SPAR on BP data and providing a first indication of 

the physiological relevance of the attractor metrics, SPAR has been employed in blood 

pressure data recorded in unrestrained mice (Aston et al., 2018). Therefore the analysis of 

the cardiovascular waveform in its whole, could aid in the diagnosis of CVD and enable earlier 

detection of CV disturbances. Next to its contributions in diagnosis, SPAR could be a useful 

tool in a preclinical settings, or when monitoring patients’ response to certain drugs (Bonet-

Luz et al., 2020; Y. H. Huang et al., 2022; Nandi & Aston, 2020).  
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1.5.6. Application of waveform analysis in preclinical models for safety 

pharmacology 

The vast majority of waveform analysis examples mentioned above, including SPAR, are 

predominantly studied in clinical settings, where they are tested for their ability to diagnose 

pathologies, or predict the outcome of medical interventions. Nonetheless, the same 

principles could be applied in the preclinical stages of drug development.  

 

Using measured pressure and an estimated triangular flow, Chang et al. (2017) investigated 

waveform reflection timing and magnitude in chronic kidney disease, diabetes, and healthy 

Wistar rats. Amongst others, the arterial wave transit time (w) was determined, as an 

indicator of return time of a reflected wave back to the aorta. Compared to the healthy group, 

w was shorter in both the chronic kidney disease and diabetes group, indicating an increase 

in pulse wave velocity due to increased arterial stiffness (R. W. Chang et al., 2017). 

Additionally, both disease groups exhibited a larger pulse wave reflection magnitude. The 

same group investigated waveform components in anaesthetised Long-Evans rats of different 

ages. They found no change in the forward pressure wave, but an increase in magnitude of 

the backwards pressure waves with age. This was associated with an increased AIx and a 

reduction of w/cycle length, indicating arterial stiffness and earlier waveform reflections 

from the peripheral circulation (C. Y. Chang et al., 2017). 

 

Laurent et al. (2003) measured pressure waves simultaneously in the proximal and distal 

aorta, in anesthetised Wistar-Kyoto (WKY) and spontaneously hypertensive rats (SHR). The 

SHR group showed a decreased PPA compared to WKY, due to an increase in central PP. 

Administration of adenosine decreased the MAP and, in SHR, partially brought back the PPA, 

due to an increase in peripheral PP. Administration of acetylcholine caused a MAP decrease 

comparable to the one observed with adenosine, however did not affect the PPA in both WKY 

and SHR (Laurent et al., 2003). Overall this study showed that drugs causing a similar effect 

on MAP, could affect central and peripheral PP in different ways and therefore have opposing 

effects on PPA. 

 



Chapter 1: Introduction 

 55 

Even though the studies above have limitation (e.g. performed in anaesthetised animals or 

assumed a triangular flow instead of measuring the flow wave), they showcase the application 

of waveform analysis in in vivo studies. Looking at minimal and maximal values of BP data 

alone may have limited value. More in-depth analysis of its waveform morphology and 

variability is potentially useful when evaluating cardiovascular safety liabilities of a drug 

candidate in preclinical settings. The application of SPAR on BP waveforms and blood flow 

waveforms could provide more nuanced information in CV safety testing and contribute to 

the understanding of the mechanistic cause of safety liabilities. Ultimately, this could aid in 

more informed decisions and enable earlier attrition of compounds with a poor safety profile. 
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1.6. Thesis research aims  

Whilst the field of safety pharmacology has advanced drastically since the implementation of 

ICH S7A in 2001, and current approaches for detection of CV adverse drug effects often 

identify those safety risks, high attrition rates due to safety issues remain an important 

challenge. This thesis aimed to explore novel methods in CV safety pharmacology, in 

particular the application of SPAR. Syk inhibitors fostamatinib and entospletinib were used as 

an example of compounds with off-target CV adverse effects, to explore the in-depth wave 

analysis of BP and blood flow pulse waves. Indeed, their in vivo CV safety was characterised, 

first by conventional analysis as usually performed in preclinical safety testing (Chapter 3), 

followed by more extensive interrogation of their CV effects, by the application of SPAR 

(Chapter 4) and in the Doppler flowmetry model (Chapter 5). Finally, the Syk inhibitors were 

screened in vitro for VEGFR2 binding affinity and functional inhibition (Chapter 6), to provide 

insights into the selectivity and potency of these Syk inhibitors at VEGFR2 and link those 

observations to the in vivo findings. 

 
Chapter 3: The aim here was to assess the cardiovascular effects of fostamatinib and 

entospletinib in vivo using the conventional wave analysis approach. This was obtained by  

• Assessing fostamatinib and entospletinib, alongside two vasodilators (vardenafil and 

molsidomine) and one RTKI (sunitinib), in radiotelemetry in rats. 

• Performing conventional wave analysis and investigating the compounds’ effects on 

MAP, HR and PP.  

 

Chapter 4: This Chapter aimed to explore the application of SPAR on the BP data obtained in 

Chapter 3 and had the following objectives: 

• To optimise SPAR for use in BP wave analysis recorded in rats. 

• To validate SPAR for use in BP wave analysis recorded in rats (i.e. investigate if the 

method was able to detect variability and morphology changes in the waves). 

• To assess the effects of the two Syk inhibitors on selected SPAR metrics and compare 

their effects to the ones observed with the vasodilators and sunitinib. 
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• Lastly, overall to explore if SPAR could provide any additional insights in the 

cardiovascular safety of these Syk inhibitors, that were not apparent from the 

conventional wave analysis in Chapter 3.  

 

Chapter 5: This Chapter aimed to explore the application of SPAR on blood flow velocity waves 

by interrogating the effects of the Syk inhibitors on regional vascular conductances and the 

blood flow velocity waves. This was investigated by: 

• Assessing the Syk inhibitors, alongside sunitinib, in the Doppler flowmetry model in 

rats. 

• Analysing the obtained blood pressure and three blood flow velocity waves by 

conventional analysis (MAP, HR and vascular conductances). 

• Extending the application of SPAR to the blood flow waves to investigate morphology 

and variability alterations in flow waves between different vascular beds and after 

different drug treatments. 

• Lastly, overall exploring if SPAR could SPAR could provide any insights into the safety 

of fostamatinib and entospletinib, that were not apparent from the conventional 

vascular conductance analysis?  

 

Chapter 6: The aim of this Chapter was to characterise the in vitro effects on the Syk inhibitors 

at VEGFR2. To give mechanistic insights into the observations made in the in vivo studies, the 

following objectives were set: 

• To develop and optimise an in vitro nanoBRET assay to assess direct binding of the 

inhibitors at the intracellular site of VEGFR2, followed by the determination of the 

binding properties of fostamatinib and entospletinib at VEGFR2. 

• To assess the VEGFR2-signalling inhibition by fostamatinib and entospletinib in the 

NFAT reporter gene assay, previously described by Carter et al. (Carter et al., 2015). 
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2.1. Radiotelemetry 

2.1.1. Telemetry to monitor blood pressure in freely moving rats 

2.1.1.1. Technique: history and overview 

The use of implantable radiotelemetric devices as published for the first time in 1991, by 

Brockway et al., describing accurate measurements of blood pressure (BP) and heart rate (HR) 

in conscious and freely moving rats (Brockway BP, Mills PA, 1991). Radiotelemetry in rats is 

now a routinely used model to evaluate the effects of a drug candidate on cardiovascular 

parameters (Kramer & Kinter, 2003; Sarazan et al., 2011), and a valuable tool for predicting 

the safety profile of therapeutics in humans (Iversen et al., 2013; Kramer & Kinter, 2003; 

Niemeyer, 2016). Small, implantable radiotelemetric devices are commercially available, 

allowing for wireless recording of physiological variables such as BP and HR, but also 

electrocardiogram (ECG), electroencephalogram, body temperature and activity (as a 

qualitative measurement of movement) (Kramer & Kinter, 2003; Niemeyer, 2016). In addition 

to short-term data recording (Isobe et al., 2014), radiotelemetry is an ideal tool for assessing 

long-term cardiovascular consequences and accurately representing clinical conditions in 

rodents (S. L. Cooper et al., 2019; Kramer & Kinter, 2003; Mills et al., 2000; Niemeyer, 2016). 

 

Figure 13: General set-up of a radiotelemetry study. Animals are generally co-housed with either an un-instrumented 
cage mate, or, in more recent multi-channel systems, with another instrumented rodent. Created with Biorender.com 
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2.1.1.2. Technique advantages 

In comparison to other methods of BP monitoring, radiotelemetry’s two main advantages are 

its high data quality and advancements in animal welfare, detailed below (Kramer & Kinter, 

2003; Niemeyer, 2016). Radiotelemetric data are collected in unrestrained animals, 

minimising stress effects (Kramer & Kinter, 2003). In contrast, BP measurement using, 

requires restraint of the animal. This leads to animal distress and subsequent alterations of 

BP, HR and body temperature, therefore artefacts in the recorded data (Crestani et al., 2010; 

Kramer & Kinter, 2003; Sharp et al., 2002). Data collection from undisturbed animals in their 

home cages is preferable as these conditions are more representative for the normal state of 

the animal and therefore the data have a higher predictive value (Kramer & Kinter, 2003; 

Niemeyer, 2016; Matt Skinner et al., 2019). 

 

Radiotelemetry can be performed in conscious rats. Many anaesthetic drugs have a 

depressant effect on the respiratory and cardiovascular function (Flecknell, 2015). 

Additionally, these anaesthetics can affect homeostatic reflexes that influence HR and BP.  For 

example, the arterial baroreflex is one of the major reflexes that contributes to acute changes 

in cardiovascular system. This neural reflex aims to regulate a constant blood pressure and a 

rise in BP will be counteracted by decrease in HR, vascular resistances and cardiac 

contractility, via a parasympathetic activation and sympathetic inhibition (Kougias et al., 

2010; Pang, 2001). Several commonly used anaesthesia interfere with this baroreflex 

(Fluckiger et al., 1985; Rocchiccioli et al., 1989; Shimokawa et al., 1998). Recording of 

cardiovascular variables in anaesthetised animals is therefore not ideal, as the cardiovascular 

function might be impaired and anaesthetic drugs may interfere with the response to the test 

compound. In conscious rats however, the experiment is carried out in representative 

physiological conditions, better reflecting the normal state of the animal with baroreflex 

intact (Carter et al., 2017; Wragg et al., 2022). Hence, although surgeries to implant 

radiotelemetry devices might require expertise and invasive measurements in anaesthetised 

animals might in some cases be less time-consuming, radiotelemetry studies generally yield 

data with higher physiological relevance. 
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Additionally, telemetry improves animal welfare in several ways, presenting several other 

advantages over related techniques. Firstly, telemetry recordings can be conducted from 

socially housed rats (Figure 13) (Matt Skinner et al., 2019). New systems, such as the TSE 

Stellar telemetry used in this thesis, are allowing simultaneous recording of parameters from 

multiple instrumented animals in a single cage, reducing the number of animals used as there 

is no need for uninstrumented cage buddies (Kramer & Kinter, 2003; Rieux, 2008). Secondly, 

multiple variables can be recorded from one animal, decreasing the need for separate studies 

and further reducing the total number of animals used (Kramer & Kinter, 2003; Niemeyer, 

2016). Furthermore, with suitable precautions about long-term drug effects, animal reuse is 

possible, thanks to the long lifetime of the implant’s battery (Kramer & Kinter, 2003). Lastly, 

as mentioned above, radiotelemetry can be performed in freely moving animals, in contrast 

to related techniques, for example the Doppler flowmetry model described below (Section 

2.2), where animals are tethered during experimentation. 

 

2.1.1.3. Technique details  

To monitor blood pressure, a catheter with blood pressure sensor is positioned intravascularly 

in the carotid or femoral artery or in the abdominal aorta (Woolard et al., 2003). In this thesis, 

TSE Stellar real time telemetry implants were used. This set-up uses solid-state catheter tips, 

consisting of a silicon chip as pressure sensor (TSE systems, 2020). Compared to gel- or fluid-

filled pressure catheters, solid-state tips are suggested to deliver pressure data with higher 

accuracy, sharper peaks and less artifacts  (AD Instruments & Williams, 2022). Gel- or fluid-

filled sensors measure the pressure indirectly; detection of the pressure relies on 

transmission of the signal through the gel or liquid in the tip of the sensor. This indirect 

measurement can be compromised by changes in the gel/liquid properties, bubble formation 

or movement of the animal, possible leading to dampening of the signal (AD Instruments & 

Williams, 2022). Solid tips don’t suffer from these disadvantages as the silicon chip is in direct 

contact with the site of interest, and measures pressure directly. They would therefore be 

more suitable for acquiring high quality data for further in-depth waveform analysis (AD 

Instruments & Williams, 2022). 
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The catheter is connected to an implantable radio telemetry device that contains a battery 

and electronic module, the transmitter, that processes the information measured by the 

sensor and transmits it, via the antenna, to the receiver outside of the cage (Figure 13). The 

radiotelemetry receiver is placed below or on top of the cage and receives radio signals from 

the transmitter antenna (Figure 13). The TSE Stellar set-up is able to receive radio signals at 

different frequencies from up to two transmitters, therefore allowing the use of one receiver 

per cage housing two animals (TSE systems, 2020). Digitalised signal are then transferred to 

the data acquisition system for analysis (Kramer & Kinter, 2003; Niemeyer, 2016). 

 

Overall, the TSE Stellar set-up uses a solid-tip blood pressure sensor and allows for the 

transmission from two implanted devices to one receiver per cage, therefore simultaneous 

measurements from two animals in one cage can be made. Given these advantages over e.g. 

the DSI telemetry system that uses a gel-filled catheter, the Stellar set-up was chosen for the 

telemetry studies performed in this thesis. 

 

Besides the blood pressure sensor, the implantable device contains two ECG leads, a sensor 

for temperature and for activity (Figure 14). This allowed for measurement of ECG, body 

temperature and activity of the animals as well. However, in this thesis, the focus was on BP 

waveforms recorded with this telemetry set-up. Heart rate was derived from the ECG 

measurements. 

Figure 14: TSE Stellar telemetry implants. The implant consists of a main body, that 
contains the temperature and activity probe and battery. This body is connected to the 
ECG leads and BP catheter. Furthermore, a transmitter inside of the body leads the 
antenna, sending radio signals to the receiver outside of the cage. 
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2.1.2. Materials  

Vardenafil HCl was obtained from Merck KgaA (Darmstadt, Germany). Molsidomine, 

fostamatinib (R935788), entospletinib (GS-9973) and sunitinib-malate were purchased from 

Generon (Slough, UK). Test compounds were dissolved in 10% hydroxypropyl beta 

cyclodextrin (Trappsol®, CTD, Inc) in water for injection. 

 

Isoflurane was used as anaesthetic (Merial Animal Health, UK). Isoflurane acts on γ-

aminobutyric acid (GABA), glutamate and glycine receptors and NMDA receptors, causing 

muscle relaxation, induction of analgesia by reducing pain sensitivity and induction and 

maintenance of anaesthesia (Capey, 2007). As post-operative analgesics, buprenofine 

(Bettinger et al., 2021) and meloxicam (Pacheco et al., 2020) were used. Buprenofine 

(Buprevet®,) a semi-synthetic opioid derivative was obtained from Virbac, Richter Pharma, 

Austria. Meloxicam (Metacam®), a non-steroidal anti-inflammatory drug (NSAID), was 

purchased from Boehringer Ingelheim, Germany. Bupivacaine hydrochloride was used as local 

anaesthetic (Marcaine®, Mercury Pharma, UK) (Shah et al., 2018). 

2.1.3. Animals and surgery  

2.1.3.1. Housing of the animals 

Male Wistar Han rats (Charles River, Margate, UK), weighing > 400 g, were pair-housed in 

double-decker individually ventilated rodent cages either with another telemetry animal or, 

in case of an uneven number of telemetry animals, a non-instrumented cage mate. 

Environmental enrichment (tubes and nesting material) was provided. The animal room was 

illuminated by artificial light on a 12 h light/dark cycle, in a temperature (19-23°C) and 

humidity (40-70%) controlled environment. Animals had free access to food (Teklad global 

rodent diet, 18% protein) and water. 
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2.1.3.2. Surgery  

All in vivo experimentation was approved by the Animal Welfare and Ethical Review Body 

(University of Nottingham) and performed under the Scientific Procedures Animals Act 

(1986), with UK Home Office approved Project Licence PP1632406, Protocol 3 and Personal 

Licence authority. Telemetry implant surgeries were carried out by Dr. Matt Skinner and Ed 

Hale, prior to the start of the student’s placement at Vivonics Ltd.  

 

The animal was placed in an anaesthesia Induction box with isoflurane (2 – 4%) until the 

animal righting reflex had disappeared. The animal was then removed from the induction box 

and placed on a facemask to maintain anaesthesia with 2% isoflurane. Before the start of the 

surgery, depth of anaesthesia was checked by the response to a hind paw pinch. The 

abdominal midline and the right side of the thorax were shaved and cleaned using Clinell® 2% 

chlorhexidine gluconate and 70% isopropyl alcohol wipes. To protect the eyes from drying out 

during surgery, an ocular gel was applied (Geltears® 0.2% w/w Carbomer eye gel, Bauch & 

Lomb). Buprenorphine (0.05 mg/kg) and meloxicam (1 mg/kg) was administered 

subcutaneously (SC). Animals were wrapped in clear surgical drape and a 4 cm cut was made 

to expose the area for laparotomy. Bupivacaine hydrochloride was applied down the midline 

of the peritoneum and the foot withdrawal and inguinal reflex were evaluated prior to the 

start of the surgery, to ensure anaesthesia. Surgeries were performed under aseptic 

conditions. To implant the telemetry device, an incision was made along the linea alba from 

below the sternum to the umbilical region. The aorta was occluded, a hole was made in the 

top and the blood pressure catheter was inserted into the aorta and advanced towards the 

cranial ligature. The position of the end of the catheter was checked under the microscope, 

to ensure parallel placement to the aorta. Tissue adhesive was applied around the catheter 

insertion site and a microscope check was done again to ensure no leakage of blood. A 

cellulose patch was placed over the vessel and catheter, and tissue adhesive was applied over 

the middle and edges of the patch. The telemetry device body, connected to the blood 

pressure catheter, was placed in the midline of the abdominal cavity wall and secured with a 

suture. ECG electrodes were implanted, one on the ventral surface of the xiphoid and one SC 

over the right pectoral muscle. The peritoneal cavity was irrigated with 5 mL of warm saline 

solution and skin incisions were closed. Isoflurane level was dropped during suturing to 

ensure quicker recovery. Once fully closed, bupivacaine hydrochloride was applied on top of 
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the wound. Buprenorphine (0.05 mg/kg) was administered SC on day 1 post-surgery. 

Additional doses of meloxicam (1 mg/kg) were administered SC on day 1 and 2 post-surgery. 

The animal’s bodyweight, body condition, and behaviours were monitored every day for 7 

days then once weekly thereafter. Animals were given a minimum of 14 days for recovery 

before the commencement of any experiments. Signal checks were performed prior to study 

start to assess the quality of the telemetry signal.  

2.1.4. Experimental set-up 

As the animals were housed in the dosing room, no acclimatisation before experimentation 

was necessary. On telemetry session days, recordings were made in the home cage. Each drug 

was administrated for 2 consecutive days. To ensure no overlap of drug effects, 7 days were 

left between different treatments as a wash out period. Details on the plasma half-lives of 

each compound are given in Chapter 3, section 3.2.3. An overview of the timing of the studies 

can be found in Table 1. All drugs were dissolved or suspended in 10% (w/V) hydroxypropyl 

beta cyclodextrin (CTD Inc.) in water for injection. This solution was used as vehicle in the 

control groups as well, dosed at 10 mL/kg. Every drug-treated group was compared with its 

corresponding vehicle group recorded in the preceding or following week. 

 

 

Table 1: Timing of telemetry studies - drug treatment and corresponding vehicles. Vehicles 1, 2 and 3 are the same (10% 
HPB CD in water), these were repeated to ensure comparisons between the drug-treated group and vehicle group could be 
made. 

 Timing  Compound Dose Route of 
administration  

Week 1 16/5/22-17/5/22 vardenafil 10 mg/kg 

Oral gavage 
dosing 

Week 2 30/5/22-1/6/22 vehicle 1 10 mL/kg 
Week 3 8/6/22-9/6/22 sunitinib 7 mg/kg 

Week 4 15/6/22-16/6/22 entospletinib 6 mg/kg 

Week 5 22/6/22-23/6/22 vehicle 2 10 mL/kg 

Week 6 18/7/22-19/7/22 fostamatinib 20 mg/kg 

Week 7 26/7/22-27/7/22 vehicle 3 10 mL/kg 

Week 8 3/8/22-4/8/22 molsidomine 10 mg/kg 
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Fostamatinib and entospletinib were evaluated as they are a first and second generation Syk 

inhibitor, respectively (Currie et al., 2014; Davis et al., 2011; D. Liu & Mamorska-Dyga, 2017). 

Additionally, two vasodilators were tested. Vardenafil induces a vasodilation by inhibiting 

phosphodiesterase 5 (PDE-5). Molsidomine acts as an NO-donor and has therefore similar 

effects as vardenafil on mean arterial pressure (MAP) and HR. These two compounds were 

selected as they are often used as reference compounds in safety studies, and cause a 

validation by acting on the same pathway, although through a different mechanism. Lastly, 

sunitinib was evaluated using telemetry. This drug is a non-specific receptor tyrosine kinase 

inhibitor (RTKI) developed for anti-angiogenic action in various cancer types and associated 

with VEGF2-induced hypertension (Davis et al., 2011; Neves et al., 2020). 

 

Drug solutions or vehicle were dosed using oral gavage, in 10 mL/kg vehicle. As vehicle,  10% 

(w/V) hydroxypropyl beta cyclodextrin (CTD Inc.) in water for injection was used. Dose levels 

were chosen after literature review, with the aim to achieve therapeutic plasma levels while 

ensuring the dose was well tolerated over at least two days. On each day, prior to the 

experiment, animals were weighed, and dosing volume was adjusted accordingly. All animals 

were given a full examination by the Study Director or Licensee prior to the study and at the 

end of the study by the Named Veterinary Surgeon. When considered necessary by the 

Named Veterinary Surgeon, Study Director or Licensee, additional examinations were 

performed. 

 

On each day of dosing, recording was done for at least 1 h before administration of the drug 

or vehicle, and up to 23 h post-dose for data collection. Arterial BP, HR, ECG, body 

temperature and activity were recorded continuously via the antenna placed near the cage. 

Animals were removed from their cages temporarily for dosing but were placed back directly 

after and not restrained during the remaining of the recording period. Animal welfare and 

behaviour were monitored immediately after dosing and throughout the day. Formal cage-

side observations were made at approximately 1 h and 5 h post-dose. 
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2.1.5. Data collection software and statistical analysis  

Data were recorded at 500 Hz and transferred through the TSE antenna to a PC-based data 

acquisition system using HEM software (Notocord Inc). Telemetry data were analysed and 

extracted into Excel for further analysis. For conventional waveform analysis (MAP, HR and 

pulse pressure (PP), data were extracted as means of superintervals, averages of time 

durations ranging from 1 h to 6 h. For in-depth waveform analysis, i.e SPAR, raw waveform 

numbers were extracted for further analysis in SPARKS (Section 2.3.3.). 

 

All data were expressed as mean ± SEM. Statistical analysis was performed in Prism 9.5.1 

(GraphPad Software, San Diego, CA, USA). As there were two categorical, independent 

variables (time and treatment) and one quantitative outcome variable (MAP, HR or PP), a two-

way ANOVA was performed. This tested (1) if MAP/HR/PP was significantly different over 

time, (2) if MAP/HR/PP was significantly different between groups, and (3) if MAP/HR/PP was 

significantly different between groups over time. If the result of the two-way ANOVA were 

significant, multiple comparisons test were performed; a Dunnett test to determine where 

changes over time from baseline were significant and a Sídák test to determine where 

changes between groups were significant. Results were considered significant at p < 0.05.  
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2.2. Pulsed Doppler flowmetry 

2.2.1. Measuring regional haemodynamic changes in conscious rats 

2.2.1.1. Technique: history and overview 

The use of pulsed Doppler flowmetry was reported for the first time in 1974, by Hartley and 

Cole, who used the in vivo approach for measuring regional blood flow in dogs (Hartley & 

Cole, 1974). Haywood et al. developed the method for application in rodents (Haywood et al., 

1981) and Gardiner and Bennett further refined the model, as used in this thesis, at the 

University of Nottingham (Gardiner & Bennett, 1988). The implantation of up to three 

miniature ultrasonic probes allows for measurement of Doppler shift, and subsequent 

calculation of vascular conductance (VC) in several regional beds, including the renal, superior 

mesenteric, and hindquarters vascular beds (Figure 15) (Bennett et al., 2004; Gardiner et al., 

1996). Additionally, BP and HR are monitored using intra-arterial catheters (Bennett et al., 

2004; Carter et al., 2017; Gardiner et al., 1996). 

 

 

 

 

Figure 15: Position of the pulsed Doppler probes and blood pressure catheter. Up to 
three Doppler probes for monitoring blood flow can be implanted. Additionally, a fluid-
filled catheter is implanted to record blood pressure in the distal abdominal aorta. 
Created with Biorender.com. Figure adapted from Van Daele et al. (2022). 
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2.2.1.2. Technique advantages 

Compared to the pulsed Doppler probes, traditional electromagnetic probes to monitor blood 

flow are larger, heavier and often difficult to calibrate (Hartley & Cole, 1974). Similarly, 

continuous-wave transonic Doppler probes are large in size and hard to place correctly on the 

vessel (Haywood et al., 1981). In contrast, the pulsed Doppler system utilizes a small 

piezoelectric crystal (~ 1 mm), that emits and receives pulsed ultrasonic energy, and can easily 

be positioned around small vessels (Hartley & Cole, 1974; Haywood et al., 1981). This 

technique therefore provided a significant advancement in measuring blood flows and 

additionally captures around 70% of cardiac output. 

 

As with radiotelemetry, the Doppler flowmetry model uses conscious, freely moving rats, with 

the advantages mentioned above (section 2.1.1.2) (Gardiner & Bennett, 1988; Woolard, 

Bennett, et al., 2004). Cardiovascular radiotelemetry is, however, mostly restricted to 

monitoring BP, ECG and HR. Nonetheless, pharmacological agents can affect peripheral 

haemodynamic variables without evoking a significant change in overall BP (e.g. regional 

vasoconstrictions or vasodilatations) (Bennett et al., 2004; Gardiner et al., 1996; Woolard, 

Bennett, et al., 2004). As demonstrated before (Bennett et al., 2004; Carter et al., 2017; 

Gardiner et al., 1996; Woolard, Bennett, et al., 2004), different vascular beds may respond 

differentially, and even in opposing ways. These changes may go undetected when evaluating 

cardiovascular safety using radiotelemetry. In contrast, Doppler flowmetry measures the 

regional effects on distinct vascular beds and is thus an ideal tool to obtain critical and 

comprehensive information on peripheral responses to drug exposure. 
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2.2.1.3. Technique details  

The flow probes used in this Doppler model are produced in-house, to the design as proposed 

by Haywood et al. (Haywood et al., 1981). The piezoelectrical crystal for flow detection is 

attached to insulated copper wires, and mounted inside the silastic cuff, so that the crystal 

sits at a 45° angle to the lumen for the blood vessel (Figure 16). Probes for the renal and 

superior mesenteric arteries are made to have a lumen diameter of 1 mm, probes for the 

descending aorta have a lumen diameter of 1.7 mm. To ensure no detection of flow signals 

from other vessels than the one of interest, an accoustic baffle of syrofoam is placed around 

the back and sides of the cuff (Gardiner et al., 1990; Haywood et al., 1981). Silk sutures are 

put at lumen side of the cuff to secure the probe around the vessel.  

 

  
Figure 16: Pulsed Doppler probe. In-house produced probes consist of 
the piezoelectric crystal bedded in a silastic cuff. To isolate the probe and 
prevent detection of other signals, an acoustic baffle is used to surround 
the cuff. The crystal is attached to copper wires for signal transduction. 

At 45 of the crystal, there is a lumen where the vessel is to be positioned 
and tied in place with silk sutures. Created in Biorender.com. Figure 
adapted from Van Daele et al. (2022). 
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The piezoelectric crystal in the probe is 1 mm in diameter and emits short bursts of pulsed 

ultrasonic energy (20 MHz) to the section of the blood vessel in the cuff lumen. Moving 

erythrocytes in the blood vessel reflect the signal and this reflected signal is detected again 

by the crystal in the probe (S. L. Cooper et al., 2020; Gardiner et al., 1996; Woolard, Bennett, 

et al., 2004). Following the principle of the Doppler effect (a change in frequency of a wave as 

an object moves towards or away from the wave source), the reflected signal is at a slightly 

shifted frequency and, relative to the transmitted signal, referred to as the Doppler shift. The 

Doppler shift is proportional to the velocity of the erythrocytes and thus reflects the blood 

flow velocity in the downstream vascular bed (Gardiner et al., 1996; Hartley & Cole, 1974; 

Haywood et al., 1981). 

 
The Doppler shift can be described by the following equation: 

Δ𝑓 = 2
𝑓0 𝑉

𝑐 .𝑐𝑜𝑠𝜃
            (1) 

Where f is the Doppler frequency difference, f0 the frequency of the transmitted signal, V the 

velocity of the blood, c the velocity of the sound in the blood and  the angle between crystal 

and vessel. As f0 and c are constant and the angle between crystal and vessel is constant at 

45°,  is directly proportional to the velocity of the erythrocytes, hence the velocity of the blood 

they are flowing in. Additionally, MAP can be calculated using the following equation: 

𝑀𝐴𝑃 =  
2∗𝐷𝐵𝑃+𝑆𝐵𝑃

3
          (2) 

Where MAP is mean arterial pressure, DBP is diastolic blood pressure and SBP is systolic 

blood pressure. Subsequently, using the Doppler shift and MAP, the vascular conductance 

can be calculated using the following equations: 

𝑉𝑎𝑠𝑐𝑢𝑙𝑎𝑟 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑎𝑛𝑐𝑒 =  
𝑚𝑒𝑎𝑛 ∆𝑓

𝑀𝐴𝑃
        (3) 

%∆ 𝑉𝑎𝑠𝑐𝑢𝑙𝑎𝑟 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑎𝑛𝑐𝑒 =  %∆ 
𝑚𝑒𝑎𝑛 ∆𝑓

𝑀𝐴𝑃
         (4) 

The vascular conductance is an indicator for the ease with which the blood flows through the 

regional vascular bed downstream the Doppler probe. Vascular resistance is reciprocal to the 

conductance. An increase in vascular conductance indicates a vasodilatation, a decrease 

indicates a vasoconstriction in the vascular bed downstream the probe. 
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The distance from the crystal to the object from which the reflected signal is measured, can 

be altered by adjusting the range gate control in the flowmeter. Adjusting the range so that 

the signal is the highest, ensures that the sampling is done in the centre of the vessel, where 

the velocity of the erythrocytes is highest. Chronical implantation of the probes leads to the 

formation of a fibrous cap on the cuff and vessel, therefore the diameter of the vessel is 

constant and the Doppler shift is an index of the velocity of flow into the vascular bed 

downstream of the probe (Hartley & Cole, 1974; Haywood et al., 1981).  

 

The implantation of the flow probes, a fluid-filled intravascular BP catheter and intravenous 

(IV) lines involves a two-stage surgery (detailed in section 2.2.3.2.). During the first stage, the 

probes with a piezoelectric crystal are positioned on the appropriate vessels (Figure 15) (S. L. 

Cooper et al., 2020; Gardiner et al., 1996; Woolard, Bennett, et al., 2004). Following a 

recovery period of at least 10 days, the second surgery consists of the implantation of 

catheters into the right jugular vein (for IV drug administration) and a fluid-filled catheter into 

the distal abdominal aorta to monitor BP and HR (S. L. Cooper et al., 2020; Gardiner et al., 

1996; Woolard, Bennett, et al., 2004). 

 

Contrary to wireless recording in telemetry studies, animals are tethered during the recording 

of the Doppler data (Figure 17). The rat wears a fitted harness. This allows for the fixation of 

the probe wires to a miniature plug and connector for signal transduction. To protect the 

catheters, they are passed through a flexible spring that is connected to the harness and 

counterbalanced over the rat’s head (Figure 17) (S. L. Cooper et al., 2020; Gardiner et al., 

1996; Woolard, Bennett, et al., 2004). This set-up allows for the rat to move freely during 

experimental protocols. 
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Figure 17: Doppler flowmetry set-up. The rat wears a harness, connecting Doppler probes to the connector and data 
acquisition system. The catheters are tunnelled through a flexible spring and attached to the transducer for blood pressure 
recording or syringes for IV dosing. Both the pressure amplifier and the Doppler system are connected to a computer running 
bespoke software (IdeeQ) to allow real-time visualisations of the data being collected. Created in Biorender.com. Figure 
adapted from Van Daele et al. (2022).  
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2.2.2. Materials  

Entospletinib and R406 were obtained from ApexBio (Houston, USA). Drugs were dissolved in 

5% PEG400 (Fisher Chemicals, Hampton, New Hampshire, USA), 20% ethanol (99%) 

(SigmaAldrich, Gillingham, UK) in sterile water as vehicle. To improve the solubility of 

entospletinib, the pH was adjusted to ~1 using a 1 M HCl solution and subsequently brought 

back to a neutral pH using a 1 M NaOH solution.  

 

At the start of the surgical procedures, the anaesthetic agents medetomidine (Sedastart®) 

and fentanyl citrate were used. Medetomidine, an 2-adrenoreceptor agonist and commonly 

used sedative and analgesic agent, was obtained from Animalcare Ltd. (York, UK). Fentanyl is 

a -opioid agonist and was obtained from Martindale Pharmaceuticals (Essex, UK). Lidocaine 

was used as local anaesthetic, as it blocks voltages-gated sodium channels and inhibits 

nociceptive signalling, and was obtained from Antigen Pharmaceuticals (Southport, UK). As 

reversal agents atipamezole and buprenorphine were used. Atipamezole (Sedastop®, 

Animalcare Ltd, York, UK) is a 2-adrenoceptor antagonist and therefore reverses the effects 

of medetomidine. Buprenorphine (Buprecare®, Animalcare Ltd, York, UK) is a semi-synthetic 

opioid derivative and acts as a partial -opioid agonist, thus competes with fentanyl and 

reverses its anaesthetic effects. Furthermore meloxicam (Boehringer Ingelheim Animal 

Health UK, Berkshire, UK), an NSAID, was used as analgesic. Lastly, pentobarbitone (Euthalal, 

Alstoe Animal Health, York, UK), was used a schedule one anaesthetic at the termination of 

studies. This compound acts on GABAA and causes respiratory depression, followed by 

cardiorespiratory failure and, when administered in a lethal dose, death. 

 

During the experiments heparin and plasmin were used as anti-blood clotting agents. Heparin 

(Wockhardt, Wrexham, UK) activates antithrombin and promotes its inactivation of 

coagulation enzymes (Beurskens et al., 2020). Plasmin (Merck KGaA, Darmstadt, Germany) is 

a serine protease that proteolyzes fibrin in blood clots (Keragala & Medcalf, 2021). 
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2.2.3. Animals and surgery  

2.2.3.1. Housing of the animals 

Adult male Sprague-Dawley rats (Charles River, Margate, UK), weighing 350 – 450 g at the 

start of the study, were pair-housed in individually ventilated rodent double-decker cages 

with bedding. Environmental enrichment (tubes and nesting material) was provided. The 

animal room was illuminated by artificial light on a 12 h light/dark cycle, in a temperature (21-

23°C) and humidity (40-70%) controlled environment. Animals had free access to food (18% 

protein rodent diet, Envigo, Madison WI, USA) and water. Welfare checks were carried out 

daily by a Named Animal Care and Welfare Officer (NACWO). 

2.2.3.2. Surgeries  

All in vivo experimentation was approved by the Animal Welfare and Ethical Review Body 

(University of Nottingham, establishment license (X653228F4); which has representation 

from The National Centre for the Replacement, Refinement and Reduction of Animals in 

Research (NC3R)) and performed in keeping with the Scientific Procedures Animals Act 

(1986), under UK Home Office approved Project Licence (PFOF2A6EC) and Personal License 

authority for all members of the in vivo research team.  

 

Animals were giving an aclimatisation period of at least 7 days after arrival before any surgical 

intervention. Anaesthesia was induced using fentanyl citrate and medetomindine 

hydrochloride (0.3 mg/kg, intraperitoneal (IP), supplemented if needed). Furthermore, 

meloxicam (1 mg/kg, SC) was given pre-operative to provide additional analgesia. To protect 

the eyes from drying out during surgery, an ocular gel was applied. Animals were wrapped in 

clear surgical drape for surgery and all surgeries were performed in aseptic conditions. The 

toe pinch withdrawal was checked prior to the start of the surgeries.  

 

At the end of the surgeries, atopamezole (1 mg/kg, SC) and buprenorphine (30 g/kg) were 

administered as reversal agents and post-operative analgesics. Additionally, after the first 

surgery, meloxicam was given for a further 3 days (1 mg/kg, SC) for post-operative analgesia. 
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Doppler flow probe implantation 

Under anaesthesia, an abdominal incision was made along the linea alba and the body wall 

was opened. Under the microscope, the distal abdominal aorta supplying the hindquarters, 

superior mesenteric artery and left renal artery were cleared and a miniature pulsed flow 

probe was positioned and sutured around these vessels. The probe wires were stutured to 

the left abdominal wall and SC tunnelled to the posterior of the neck, where they were 

secured to the nape of the neck. Excess of the probe wires were coiled up and sutured into a 

pouch under the skin of the left flank. Warm saline solution (5 mL) was used to irrigate the 

peritoneal cavity and the peritoneum and skin incisions were closed. After administration of 

reversal agents, animals were individually housed and closely monitored, with formal welfare 

checks every 15 min for at least 4 h. The following morning, rats were paired-housed again 

with their original cage mate.  

 

Catheter implantation 

Following probe implantation, a minimum 10-day recovery period and welfare check from the 

Named Veterinary Surgeon or NACWO was required prior to performing the second surgery. 

Firstly, under anaesthesia as described above for probe implantation, the Doppler probe wires 

were released from the neck. Doppler signals were checked and the wire ends were soledered 

into a miniature plug (Omnetic, USA) to be attached to the connector to the Doppler recording 

system. Secondly, catheters were inserted into the vessels. An incision was made into the 

neck, to expose the right jugular vein. Lidocaine (0.5% m/v, Hameln Pharma Ltd., UK) was 

applied to this vessel and the vein was ligated with a suture at the rostral end of the vein 

towards the head. A small incision was made and two polyethylene catheters (Braintree 

Scientific, LD 0.28 mm, 100 cm) were inserted approximately 1.5 cm and tied in place, using 

a 3/0 Mersilk suture (Ethicon, UK). The remaining of the IV catheters was then tunneled 

subcutaneously to the back of the neck (approximetely 6 cm) and tied within the incision in 

the neck with 3/0 Mersilk suture, followed by closing of the incision. Next, to insert the 

pressure catheter, an incision was made on the underside of the tail. The ventral caudal artery 

was exposed and ligated at the caudal end. An incision in the vessel was made and the 

catheter inserted, advanced to the distal abdominal aorta (appoximately 6 cm) and tied in 

place using a 4/0 Vicryl suture (Ethicon, UK). The catheter line was tunnelled SC to the back 
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of the neck and exteriorised through same hole as probe wires and venous lines. Lastly, the 

incision at the tail was closed. 

 
Preparation of the experimental set-up 

The soldered plug with probe wire end was mounted into a harness fitted for the rat. This 

harness allowed for the free movement of the rats in their cage. Catheters were put through 

a protective, flexible metal spring that was secured to the harness, to ensure rats could not 

acces the lines and damage them. Rats were put in their cage for experimentation and the 

spring and harness were counterbalanced with a pivot system (Figure 17). A connection 

extension lead was connected to the miniature plug with probe wire ends, to allow for the 

transfer of Doppler signals to the recording system (Figure 17), and taped to the spring. 

Anaesthesia reversal agents and analgesics were administered as described above and 

animals were single-housed during the remaining of the experiment, with access to food and 

water. The arterial catheter line for blood pressure monitoring was connected to a fluid-filled 

swivel and continiously infused with heparinsed saline (20 I.U./mL at 4 mL/h) to preserve the 

patency of the signal. 

 

After the surgery, animals were closely monitored, with formal welfare checks carried out and 

recorded every 15 min for at least 5 h. Post-surgery analgesia was administered as described 

above. Experiments began approximately 24 h after the second surgery, following a 

satisfactory welfare check and sign off by the NACWO, allowing for recovery and 

acclimatisation of the animals. 
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2.2.4. Experimental set up  

The arterial line was disconnected from the swivel and pump and connected to the pressure 

transducer and computer of data acquisition. During experimentation, the arterial catheter 

was flushed with heparin (40 I.U./mL, 0.1 mL every 15 min) to prevent formation of blood 

clots and loss of patency of the arterial line. If the pressure signal was lost or severely 

dampened, plasmin (1 I.U./mL in heparinised saline) was administered through the arterial 

line as an initial bolus of 0.4 mL, followed by 0.1 mL flushes every 10 min, to dissolve a blood 

clot if present at the tip of the catheter. The pressure signal was calibrated at the start of each 

study for each animal. Next, the Doppler system was connected to the connector and Doppler 

shift signals were checked and ranges adjusted if necessary. The patency of the IV line was 

checked by flushing the line with 0.2 mL of heparinised saline (20 I.U. /mL). 

 

Three compounds were analysed in the Doppler flowmetry model: fostamatinib, 

entospletinib and sunitinib. The sunitinib study was carried out by Dr. Edward Wragg. Each 

animal was dosed with the one compound or vehicle for 3 consecutive days. Solutions were 

dosed using one of the IV catheters, therefore animals could remain in their cage for the full 

length of the study and were not disturbed during drug administration. Drug were 

administered as a 0.2 mL bolus, followed by an infusion of 0.4 mL at a rate of 0.4 mL/h. 

Concentrations of drug solution was adjusted to weight recorded on the day of the second 

surgery, to maintain correct dosage of each animal, according to their weight. The sunitinib 

dose was selected to produce a sustained hypertension. Fostamatinib and entospletinib doses 

were chosen to reflect plasma concentrations obtained in patients treated with these 

compounds, according to the literature. On each day of dosing, recording was done for at 

least 0.5 h before administration of the drug or vehicle, and 5 h post-dose for data collection. 

Arterial BP, HR and Doppler shifts were recorded continuously. Animal welfare and behaviour 

were monitored immediately after dosing and throughout the day. When pressure was not 

recorded, the arterial line was connected back to the swivel and pump and infused with 

heparinsed saline (20 I.U./mL at 4 mL/h). 
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2.2.5. Data collection software and statistical analysis  

2.2.5.1. IdeeQ 

Measurements of HR and BP, together with renal, mesenteric, and hindquarters Doppler 

shifts, were recorded using bespoke software (IdeeQ; Maastricht Instruments, version 2.5, 

Maastricht, The Netherlands). The same algorithm was used to analyse the BP and Doppler 

shift waveforms. First, the positive and negative maximum slope of the wave was determined 

by means of differentiation, followed by detection of the beginning and end of each beat. In 

this way, each beat (i.e. cardiac pulse) was detected in the signal. DBP or minimum flow was 

defined as the minimum value of the curve prior to the start of the beat, the systolic pressure 

or flow was defined as the maximum value of the curve before the slope of the curve turns 

negative. By using this analysis, systolic and diastolic values for each beat in the BP waveform 

or Doppler shift waveform were generated and used to calculate the mean Doppler shift or 

MAP, using the equations described in section 2.2.1.3.   

 

For in-depth waveform analysis, i.e. SPAR, raw waveform numbers were extracted for further 

analysis in SPARKS (section 2.3.3.). 

 

2.2.5.2. Statistics  

All data were expressed as mean ± SEM. As there were two categorical, independent variables 

(time and treatment) and one quantitative outcome variable (MAP, HR or VC), a two-way 

ANOVA test was performed. This tested (1) if MAP/HR/VC was significantly different over 

time, (2) if MAP/HR/VC was significantly different between groups, and (3) if MAP/HR/VC was 

significantly different between groups over time. If the result of the two-way ANOVA were 

significant, multiple comparisons test were performed; a Dunnett test to determine where 

changes over time from baseline were significant and a Sídák test to determine where 

changes between groups were significant. Results were considered significant at p < 0.05.  
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2.3. Symmetric Projection Attractor Reconstruction 

2.3.1. Conventional waveform analysis  

The telemetry and Doppler flowmetry model described above, record BP and blood flow (BF) 

as approximately periodic waveforms. In the current analysis of these data, single point 

averages (e.g. MAP or mean VC) are typically evaluated. Although these values allow for the 

calculation of important haemodynamic variables, this approach reduces a complex 

waveform to one single value, therefore potentially overlooks changes to the waveform 

morphology and variability. In-depth characterisation of recorded waveforms may provide 

more extensive information on the condition of the heart and vasculature when exposed to 

pharmacological agents (Aston et al., 2018; Bonet-Luz et al., 2020; Y. H. Huang et al., 2022; J. 

V. Lyle et al., 2017; Nandi & Aston, 2020).  

2.3.2. In-depth waveform analysis  

The Symmetric Projection Attractor Reconstruction (SPAR) is a mathematical method that 

transforms high fidelity waveform data and extracts information on subtle changes to 

physiological waveforms. Using all raw numerical data captured by conventional monitoring 

devices, SPAR facilitates the visualisation and quantification of waveform variability and 

morphology changes (Aston et al., 2018; Nandi & Aston, 2020). 

 

2.3.2.1. Step-by-step generation of a 2D Signal 

SPAR is based on a combination of two mathematical models, the Lorenz attractor (Lorenz, 

1963) and Takens’ delay coordinates (Takens, 1981) (Aston et al., 2018). In brief, the 

waveform data are reconstructed into an attractor reconstruction in five steps, shown in 

Figure 18:  and Table 2. First, three points are plotted on the waveform, each separated by a 

time delay that equals one third of the average duration of the cycle. For each window of 

data, the time delay is adjusted to always equal one third of the cycle length. This set of three 

delay coordinates (x, y and z) can be placed anywhere on the waveform, with each position 

resulting in one point in the three-dimensional (3D) space with x-, y- and z-axis (Nandi & 

Aston, 2020). To transform the waveform into a 3D representation in step 2, the three delay 

coordinates run over the entire recorded time trace (Nandi & Aston, 2020). Each pulse of the 
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wave corresponds to one loop in the 3D space (Nandi & Aston, 2020). Next, the 3D cube is 

rotated and the attractor is viewed down one line, transforming it into a two-dimensional 

(2D) image (step 3) (Nandi et al., 2018; Nandi & Aston, 2020). In so doing, the more noisy 3D 

attractor is transformed into a clearer, more symmetrical triangular 2-D shape, as displayed 

in step 4 (Nandi et al., 2018; Nandi & Aston, 2020). In the last step, the density (colour) of the 

attractor reconstruction can be added, pointing out where the individual loops (where one 

loop is one heartbeat) overlap and thus providing information on the waveform shape 

variability (Nandi & Aston, 2020). In a low variability signal, every waveform pulse is similar as 

the previous, therefore the loops in the attractor overlap, showing as red - high density - in 

the attractor. A blue - low density - attractor indicates high variability in the recorded 

waveform as there is little overlap of the attractor loops (Nandi & Aston, 2020). Other 

measures of the attractor, such as the attractor size or rotation, give an indication of 

waveform morphology changes. An example of morphology changes in two selected blood 

pressure waves and corresponding attractors are shown in Figure 18. Density and other 

attractor features can be quantified and used in further analysis (Aston et al., 2018; Nandi et 

al., 2018; Nandi & Aston, 2020). These metrics have been developed using retrospective 

preclinical and clinical datasets. 

 

 

Figure 18: Step-by-step 2D construction of a physiological waveform. On the recorded waveform, three delay coordinates 
are plotted, x, y and z. These three delay coordinates are separated by a time delay that equals one third of the average 
duration of a waveform cycle. This set of three delay coordinates corresponds to one value in a 3D space with a x-, y- and z-
axis. When the set of x, y and z runs over the entire waveform, a 3D presentation of the recorded time trace is obtained, as 
shown in step 2. When this set of loops is rotated and observed from a certain angle, a triangle-like shape is achieved, shown 
in step 3. This 3D image is easily projected into a symmetrical 2D image (step 4). In the last step a heat map, showing the 
overlap of the individual loops, is added. Figure adapted from Nandi and Aston, (2020). 
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Table 2: SPAR principle: An overview of the steps taken to generate an attractor from a wave. Each step is illustrated in 
Figure 18. 

STEP 1 Three points are plotted on the waveform, each separated by a time delay that 

equals one third of the average duration of the cycle. This set of three delay 

coordinates (x, y and z) can be placed anywhere on the waveform. 

STEP 2 Each position of the set of delay-coordinates results in one point in the three-

dimensional (3D) space with x-, y- and z-axis. To transform the waveform into a 

3D representation in step 2, the three delay coordinates run over the entire 

recorded time trace. Each pulse of the wave corresponds to one loop in 3D 

space 

STEP 3 Next, the 3D cubicle is rotated, and the attractor is viewed down one particular 

line.  

STEP 4 The chaotic 3D attractor is transformed into a clearer, symmetrical triangular 

2D shape. 

STEP 5 In the last step, the density (colour) of the attractor reconstruction is added, 

pointing out where the individual loops overlap and thus providing information 

on the waveform shape variability. 

 

 

 
Figure 18: Attractor morphology reflects wave morphology. An example to two selected blood pressure waves from a 1-
minute recording, and their corresponding attractor. Small changes in the wave (less wave reflection in B versus A) result in 
clear changes in the associated attractors (a closed attractor in B: longer arms towards the centre of the attractor versus A). 
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2.3.2.2. Advantages of SPAR 

SPAR is a robust method and has several advantages over other mathematical methods of 

waveform analysis (Aston et al., 2014; Nandi & Aston, 2020). A common problem in waveform 

analysis is baseline variation. Depending on the active state of the subject, the signal varies 

naturally and gives disturbances in waveform analysis. Other methods of wave analysis, such 

as heart rate variability for example, complex algorithms are required to eliminate baseline 

wander (Aston et al., 2014). SPAR does not need these, as baseline variation is removed 

automatically when projecting the 3D attractor into a 2D plane. This step creates an attractor 

that is independent from absolute measured BP (or other) numbers, thus baseline variation 

doesn’t affect the attractor morphology (Aston et al., 2014, 2018). SPAR can be applied on 

any signal that has a periodic structure, providing the sampling frequency is sufficiently high 

(Bonet-Luz et al., 2020; Y. H. Huang et al., 2022; Pascual et al., 2021). For that reason, this 

method can be applied not only on regularly repeating waveforms recorded in restrained 

laboratory animals, but also more disordered signals recorded in freely moving animals or in 

hospital settings (Y. H. Huang et al., 2022; Nandi & Aston, 2020; Pascual et al., 2021). 

Moreover, since SPAR does not require extensive pre-processing of the data, this simplifies 

the application of the technique further and reduces bias that can occur through preselection 

of regions of interest (Nandi et al., 2018; Nandi & Aston, 2020). 
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2.3.3. SPAR data analysis 

2.3.3.1. Data extraction and preparation 

Per recorded hour of data, a 1 min window of raw waveform data was extracted. This window 

length was chosen for optimal attractor quality and physiologically relevant analysis time. The 

full optimisation process is described in Chapter 4 (section 4.3.1.). For telemetry data, data 

were extracted into Excel using Notocord HEM software and saved as .txt file. Doppler data 

were extracted as .txt file from IdeeQ. At times where drop-out occurred during the selected 

1 min window (e.g. when connection between implant antenna and the TSE receiver was 

interrupted), the frame was moved for a maximum of 5 min. If no signal without drop-out was 

present within this range, the timepoint was discarded and excluded from further analysis.  

2.3.3.2. SPARKS application 

All SPAR analysis was done in the SPARKS application, developed by Miquel Serna Pascual at 

School of Cancer and Pharmaceutical Sciences, King’s College London (Nandi Lab). This 

application allows for importing of different formats of files (among other .txt) and 

streamlined SPAR analysis (Figure 20A). Moreover, predefined SPAR features can be 

determined and quantitative metrics are provided in the app. An overview of the application 

and the four available tabs are shown in Figure 20. In the first tab, raw waveform data are 

imported for analysis (Figure 20A). The second tab shows all input parameters for the SPAR 

algorithm and allows for adjustment of some parameters, as required (Figure 20B). In the 

third tab, the attractors are generated from the raw waveform data and visualised (Figure 

20C). Lastly, in the fourth tab, the calculated metrics for each attractor can be found and 

exported for further analysis (Figure 20D).  
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The app offers the possibility of down sampling or bandpass filtering of data, however this 

option was not used in this thesis. Most importantly, the estimated rate range of the signal is 

crucial to input. In the app, predefined sets of parameters for SPAR analysis are available for 

different types of data (Figure 20A). The details of the three available predefined sets of 

parameters are presented in the thesis appendix (section 8.1., Table 22). As there was not yet 

a specified set for rat BP or rat blood flow, the set ‘HumanBP’ was selected, and two 

parameters were changed to facilitate optimal SPAR analysis for data obtained in rats; 

‘Ratemin’ and ‘Ratemax’ were changed from 40 and 180 (for humans), to 230 and 550 

respectively, as the mean HR of healthy rats is generally in the range of 300 bpm up to 400 

bpm in resting conditions (S. L. Cooper et al., 2019) and some compounds tested in this study 

are known to increase the HR (Figure 20B). The full optimisation of these parameters is 

detailed in Chapter 4 (section 4.3.1.1.). Furthermore, to allow for sufficiently ‘coloured’ 

attractor in the qualitative, visual analysis, the ‘nbins_density’ was decreased to 125 (Figure 

20B). This parameter is related to the brightness of the attractor and its full optimisation is 

discussed in Chapter 4 (section 4.3.1.2.) In the SPAR tab, the window length used to create 

one attractor was selected (1 min, optimised in Chapter 4, section 4.3.1.3.). When attractors 

were generated, each window of raw waveform data and its corresponding attractor were 

visualised and could be exported (Figure 20C). In the last tab of the application, the attractor 

measures (e.g. colour, length of arms, rotation) were displayed in a table format and could be 

exported as well (Figure 20D).
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Figure 19A:  In the first tab of SPARKS, data files of different formats can be loaded (upper window), here the raw waveform data are loaded and visualised. Additionally predefined 
parameters for SPAR analysis can be selected in this tab (lower panel: HumanRF, HumanBP and MouseBP). These predefined sets provide characteristics of the data type, such as 
expected rate ranges and expected signal ranges to SPAR, so each pulse is correctly detected by the algorithm and attractors are correctly generated. 
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Figure 20B: In the second tab of SPARKS, all parameters used in the algorithm are displayed and several can be adjusted for optimal analysis of different data type. Selecting a certain data type 
in the first tab, will result in distinct parameters in this second tab providing input for the SPAR algorithm. Relevant input parameters are indicated by the blue arrows. N_binsdensity relates to 
the brightness of the attractor. To ensure sufficiently high colour spread to meaningfully map variability differences and improve the brightness of attractors for easier quantitative analysis, this 
parameter was decreased to 125. Ratemax and Ratemin represent the expected rate ranges. For BP and blood flow data, this is the heart rate. These parameters were adjusted to 230 and 550, 
to mirror typical HR in rats and ensure correct detection of each cycle of the raw waveform data.  
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Figure 20C: In the third tab, attractors are generated. The chosen length of window and step between consecutive windows to create one attractor should be indicated (upper panel, right hand 
sight). After running the algorithm, a list of files from which an attractor was created is given, accompanied of the visualisation of each raw waveform signal, and a window that allows for zooming 
in on waves of interest. The attractor of the selected file can be found on the lower, right-hand side corner. Each trace and attractor can be exported. 
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Figure 20D: In the last SPARKS tab, all computed SPAR metrics for quantitative analysis are presented in a table (upper panel). Furthermore, all plots derived from the attractor 
and used for calculations of these SPAR metrics are shown in the lower panel. Again, the table with metrics or attractor plots can be exported for further analysis and statistics.   
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2.4. In vitro methods 

2.4.1. Materials  

Human Embryonic Kidney (HEK) 293 cells were selected as a widely utilised cell line for 

expression of recombinant proteins. This immortalised cell line, isolated in 1977 by Graham 

et al. (Russell et al., 1977), is extensively used due to its easy reproduction and maintenance 

in cell culture and its high transfection efficiency and protein expression (Thomas & Smart, 

2005). The NFAT-ReLuc2P HEK293 cell line was obtained from Promega Corporation 

(Madison, USA). The NFAT-ReLuc2P NL-VEGFR2 HEK293 cell line has been described 

previously (Kilpatrick et al., 2017). HEK293T cells were obtained from ATCC (Virginia, USA). 

This cell line was used in all NFAT assays. Bioluminescence Resonance Energy Transfer (BRET) 

experiments were done in HEK293 T cells. This variant of the HEK293 cell line was established 

by stable expression of the SV40 large T-antigen (DuBridge et al., 1987), allowing for an 

improved vector transfection (Tan et al., 2021). These cells were transiently transfected with 

the VEGFR2-NL construct. This cDNA construct was a generous gift from Promega Corporation 

(Madison, USA). 

 

Recombinant human Vascular Endothelial Growth factor 165a (VEGF165a) was purchased from 

R&D Systems (Abingdon, UK). Sunitinib-red was purchased from PerkinElmer Ltd 

(Beaconsfield, UK). VEGF165a was aliquoted at a concentration of 10-6 M in phosphate buffered 

saline (PBS, Sigma Aldrich, Gillingham, UK) containing 0.1% protease free Bovine Serum 

Albumin (BSA, Sigma Aldrich, Gillingham, UK) to prevent interactions with plasticware, 

according to the manufacturer instructions. Aliquots were stored at -20C. Sunitinib, 

cediranib, erlotinib, dasatinib, motesanib, fostamatinib, R406, cerdulatinib and entospletinib 

were purchased from ApexBio (Houston, USA). These inhibitors were stored at -20C as 10-2 

M stocks in dimethylsulfoxide (DMSO, Sigma Aldrich, Gillingham, UK). FuGENE HD 

Transfection Reagent, One-Glo® luciferase, furimazine and NanoGlo® HiBit lytic buffer were 

purchased from Promega Corporation (Madison, USA). Opti-MEM reduced serum medium 

was bought from Thermo Fischer Scientific (Loughborough, UK). Unless otherwise stated, cell 

culture reagents, laboratory equipment and chemical stocks were purchased from Sigma 
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Aldrich (Gillingham, Dorset, UK). Cell culture plasticware was purchased from Thermo Fischer 

Scientific (Loughborough, UK). 

2.4.2. Cell culture 

2.4.2.1. Cell maintenance and passaging 

Cell culture was performed in a microbiological safety cabinet (TriMAT Class 2; Contained Air 

solutions, UK), to maintain a sterile environment. All HEK293 cell lines were cultured as a 

monolayer in 75 cm2 flasks, in Dulbecco’s Modified Eagle’s Medium (DMEM) containing 2 mM 

L-glutamine, supplemented with 10% fetal calf serum (FCS) as growth supplement. This 

medium contained all inorganic salts, amino acids, vitamins and pyruvate required for cell 

survival. Moreover, a pH indicator, phenol red, was present in this medium, transitioning from 

pink to yellow with increasing acidity, indicating cell metabolism or microbial infection. All 

cells were grown in incubators at 37°C in a humidified atmosphere containing 95% air/5% 

CO2. Cell morphology and confluence was checked daily with an inverted microscope (Pan 

Apochromat 10X objective, Zeiss Primovert) and cells were regularly tested for the presence 

of mycoplasma. 

 

Cells passaging was performed at 70 – 80% confluency to ensure maximal cell health. All 

media used during cell passages was warmed up to room temperature before use. Medium 

was removed from the flask and cells were washed with 5 mL PBS. Adherent cells were then 

detached from the flasks using 1 mL trypsin (0.25% w/v in ethylenediaminetetraacetic acid 

(EDTA) solution, Gillingham, UK). Trypsin is a serine protease that cleaves the adhesion 

molecules holding cells to each other and the flask. EDTA was also present to chelate Ca2+ and 

Mg2+ present in the medium and improving trypsin’s ability to detach adherent cells. Cells 

were incubated for 3 – 5 min and washed off into 10 mL DMEM/10% FCS. FCS contains a 

protease inhibitor that inhibit the proteolytic activity of trypsin. Cell suspensions were 

centrifuged at 1000 rpm for 4 min. Supernatants was discarded and pellets were resuspended 

by pipetting gently up and down in 2 mL of DMEM/10% FCS, to achieve single cell suspensions. 

Cells were then diluted into 10 mL DMEM/10% FCS and passaged into a new 75 cm2 flask 

containing 20 mL DMEM/10% FCS. For experimental purposes, cells were used until passage 

30.  
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2.4.2.2. Freezing 

Multiple passages of the HEK293 cells were stored in liquid nitrogen dewars for long-term 

storage (LS6000, Taylor Wharton, Scientific Laboratory Supplies). Cells were bulked up in 75 

cm2 or 175 cm2 flasks until 70 – 80% confluency and detached from the flask as described 

above. After centrifugation, the cell pellet was resuspended into 3 mL of cryopreservation 

medium containing 90% FCS and 10% DMSO, that had been filtered through a sterile 0.2 m 

pore filter before the cells were added, to remove potential contamination. FCS provides cell 

support and protects against cellular stress and DMSO prevents lysing of the cells. The 

resuspended cells were aliquoted into cryogenic vials and placed into a Mr FrostyTM freezing 

container. The isopropyl alcohol present in this freezing container ensured a slow freezing 

rate of the cells, reducing the formation of ice crystals which cause cell lysis upon thawing. 

The Mr FrostyTM freezing container was frozen to -80 °C and transferred to the liquid nitrogen 

vapour phase on the next day for long-term storage. 

 

To recover cells from frozen, an aliquot was removed from storage and thawed rapidly. Once 

defrosted, 10 mL of DMEM/10% FCS was added to the aliquot and the cell suspension was 

seeded into a 25 cm2 flask, to ensure sufficient cell contact. After 24 h, cell medium was 

replaced by fresh DMEM/10% FCS to remove any dead cells and remaining DMSO. At 70% 

confluency, cells were passaged into a 75 cm2 flask as described above, using 2 mL of PBS and 

0.5 mL of trypsin. Cells were passaged at least twice before experimental use, to ensure full 

recovery. 
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2.4.2.3. Seeding 

For experimental use, cells were seeded into white, clear bottom 96-well plates. The plates 

were coated with poly-D-lysine hydrobromide to encourage cell attachment to the surface of 

the well, so that cells would not be removed when replacing medium for assay buffers on the 

experimental day. Poly-D-lysine hydrobromide, a positively charged amino acid, interacts 

with the negatively charged ions in the plasma membrane encourages adherence of the cells 

to the bottom of the well. Ten g/mL poly-D-lysine in PBS was prepared, filter-sterilised using 

a 0.2 m pore filter and stored at -20 °C. On the day of seeding, 50 L of poly-D-lysine in PBS 

was added in each well and plates were incubated for 30 min at room temperature. Poly-D-

lysine was removed from the wells before seeding the cells. The appropriate cell line was 

grown in 75 cm2 and passaged as described above. After resuspension of the cell pellet, the 

density of the cells was determined, to ensure the optimal number of cells seeded per well. 

Cells were counted using a haemocytometer (BRAND® counting chamber), averaging the read 

of 4 chambers. The cell suspension was diluted in the appropriate volume of DMEM/10 FCS% 

and seeded at 20 000 cells/well in a total volume of 100 L/well.   
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2.4.3. Recombinant cell line 

2.4.3.1. Stable cell line 

NFAT-ReLuc2P NL-VEGFR2 HEK293 were obtained from Dr. Laura Kilpatrick and colleagues at 

Promega Corporation (USA). 

 

2.4.3.2. Transient transfected cell lines 

NanoBRET experiments were performed in HEK293T cells transiently transfected with 

VEGFR2-NL. Unlike cell lines stably expressing the transfected protein, transient transfected 

cells do not incorporate the plasmid DNA into their genome. A transfection reagent aids the 

delivery of the plasmid DNA into the cytoplasm of the target cell, followed by transcription 

into mRNA and translation into the protein of interest. Transiently transfected cells are 

suitable for only one experiment, requiring newly transfected cells for each experimental 

replicate.  

 

HEK293 T cells were seeded in 96-well plates as described above. After 24 h, transfection 

solution was added directly into the medium in the wells. Transient transfections were 

performed using FuGENE® HD. In a sterile tube, plasmid DNA was diluted in OptiMEM® to a 

concentration of 20 ng/L. FuGENE® HD was added at a ratio of 1 g cDNA to 3 L reagent, 

according to the manufacturer’s instructions. Transfection solution was incubated at room 

temperature for 5 min to ensure optimal formation of cDNA/FuGENE® complexes. 

Transfection solution (5 L/well) was added to each well, resulting in 100 ng cDNA/well. Cells 

were then incubated for a further 20 h at 37°C/5% CO2 before experimentation. 
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2.4.4. Molecular biology  

2.4.4.1. VEGFR2-NL cDNA construct  

The VEGFR2-NL plasmid was provided by Promega Corporation (USA) (Figure 21). An 

expression vector should ensure transcription of the insert, mRNA processing for protein 

translation, propagation in prokaryotic cells and selection in mammalian cells. The 

cytomegalovirus (CMV) enhancer and promotor facilitate protein transcription in mammalian 

cells. The vector also contained a chimeric intron, to enhance mRNA processing and increase 

expression levels. Furthermore, a polyadenylation tail (SV40 poly(A) signal) was introduced, 

to protect mRNA from degradation. A neomycine/kanamycine-resistance gene was present 

in the plasmid, allowing for selection of transfected bacterial cells (kanamycin-resistant, see 

section 2.4.4.2) and kill non-transfection, therefore non-resistant cells. The stop codon of KDR 

was removed, and the C-terminus of KDR was genetically fused to NL (19.1 kDa luciferase 

subunit), using a flexible 18 amino acid linker (VSLGGSGGGGSGGGSSGG). 

  

Figure 20: Plasmid map of KDR-NL construct. The C-terminal end of KDR was fused to NL. 
Furthermore, the plasmid contained a neo-resistance gene for selection of transfected cells 
during transformation into E. coli and DNA amplification. Map created in SnapGene. 
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2.4.4.2. Plasmid transformation into E. coli  

To propagate plasmid cDNA for transfection, DNA was transformed in Subcloning Efficiency 

DH5 cells (Invitrogen), competent E. coli cells engineered to maximise transformation 

efficiency. Cells were thawed on ice and 25 L was transferred to a cool, sterile 0.5 mL tube. 

Depending on the concentration of the plasmid preparation, 2 – 5 L DNA was added to the 

DH5 cells. To ensure associating of the plasmid with the outer membrane of the cells, the 

tube was left for 30 min on ice. Next, the mixture was heat shocked for 30 s at 42C, to enable 

the uptake of the plasmid into the competent cells. Bacterial cells were cooled on ice for 3 

min before 250 L Luria Broth (LB) Lennox was added to the tube. This rich medium contained 

tryptone, yeast extract and sodium chloride, allowing for optimal E. coli replication. To further 

encourage exponential bacterial growth, the mixture was shaken for 60 min at 225 rpm/37C 

using the SI600 Large Shaking Incubator (Stuart Equipment). In the meanwhile, LB agar plates 

were prepared. The LB agar solution was sterilised in the autoclave. To prevent inactivation 

of the antibiotic, kanamycin was added after the agar had cooled down to approximately 

45C. Per petri dish, 20 mL sterile LB agar containing 30 g/mL kanamycin sulphate (Gibco) 

was poured and left to solidify at room temperature. After the 60 min incubation, 250 L of 

transformed Escherichia coli (E. coli) were added to the agar plate and spread using a sterile 

plastic L-shaped spreader. The plates were incubated overnight at 37C, placed upside down 

to prevent condensation. The transformed DNA plasmid contained a kanamycin resistance 

gene. E. coli that did not incorporate the plasmid, were killed or prevented from growing on 

the kanamycin containing agar plates. Only successfully transformed E. coli, hence E. coli 

expressing the prokaryotic antibiotic resistance gene, could grow on the kanamycin plates. As 

bacterial colonies grew from a single bacterium, the populates within one colony was 

genetically identical. Agar plates with these colonies were stored at 4C for up to 1 month.  
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2.4.4.3. DNA amplification – maxiprep 

To bulk up plasmid DNA, a single colony was picked from the agar plate, using a sterile pipette 

tip. The pipette tip with starter culture was placed into 5 mL of LB broth containing 30 g/mL 

kanamycin and shaken for 8 h at 225 rpm/37C in the SI600 Large Shaking Incubator, to 

establish bacterial growth. After this initial incubation, the 5 mL culture was transferred into 

a 500 mL conical flask containing 120 mL of LB broth/30 g/mL kanamycin. This flask was 

shaken overnight at 225 rpm/37C, stimulating further exponential bacterial growth.  

 

The following morning, the plasmid was extracted from the bacteria, using Promega’s 

PureyieldTM Plasmid Maxiprep System. The bacterial cultures were transferred into plastic 

bottles and centrifuged for 10 min at 5000 x g/4C (Eppendorf Centrifuge). Supernatant was 

discarded. Following the Maxiprep kit instructions, the bacterial cell pellet was resuspended 

in 12 mL of Cell Resuspension Solution (50 mM Tris-HCl, 10 mM EDTA, 100 μg/ml RNase A) by 

pipetting. 12 mL of Lysing Solution (0.2 M NaOH, 1% sodium dodecylsulfate–polyacrylamide) 

was added, followed by 12 mL of Neutralization Solution (4.09 M guanidine hydrochloride, 

759 mM potassium acetate, 2.12 M glacial acetic acid). The lysate was then transferred into 

a container suitable for superspeed centrifugation and centrifuged at 14 000 x g for 20 min at 

room temperature. This step allowed for the plasmid to be separated from precipitate. The 

pellet was discarded and supernatant, containing the plasmid, was used for further 

purification.  

 

The blue PureYield™ Clearing Column and white PureYield™ Maxi Binding Column were 

assembled on the vacuum manifold (Vac-Man, Promega Corporation, USA) and the lysate 

supernatant was transferred into the clearing column. By applying vacuum to the columns, 

the lysate passed through both the clearing and binding column. The clearing column was 

discarded, and 5 mL of Endotoxin Removal Wash was added to the binding column, followed 

by 20 mL Column Wash (60% ethanol, 60 mM potassium acetate, 8.3 mM Tris-HCl and 0.04 

mM EDTA), to remove contaminants. The vacuum was applied for a further 5 min, until the 

membrane of the binding column appeared dry. Next, the binding column was placed on the 

Eluator Vacuum Elution Device, so that the tip of the column was positioned into a sterile 1.5 

mL tube in the device. Plasmid DNA was eluted into the tube by adding 1 mL of nuclease free 
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water to the binding column and, after 1 min, applying maximum vacuum, until all liquid 

passed through the membrane into the tube. This Maxiprep protocol typically resulted in 700 

L DNA preparation with a yield of approximately 300 ng/L. DNA samples were further 

aliquoted and stored at -20C. 

 

2.4.4.4. DNA quantification and sequencing  

The DNA concentration of plasmid preparations were quantified using the NanoDrop 2000 

Spectrophotometer (ThermoFisher Scientific). DNA concentration was determined by the 

absorbance at 260 nm of a 1 L sample, using nuclease-free water as blank. The nucleic acid 

purity was calculated by the ratio of the readings at 260 nm and at 280 nm. A ratio close to 

1.8 indicated pure DNA, a higher ratio suggested the presence of RNAs, a lower ratio 

suggested contamination with proteins. 

 

Plasmid sequencing was carried out by the DNA Sequencing Facility in the School of Life 

Science of the University of Nottingham, using Sanger sequencing with primers T7T (TAT GCT 

AGT TAT TGC TCA GCG G) and T7P (TAA TAC GAC TCA CTA TAG GG), annealing the regions on 

both sides of the open reading frame. DNA chromatograms were checked to ensure sufficient 

clear peaks and sequences aligned with a reference plasmid. 

 

Additionally, whole plasmid sequencing was done by Plasmidsaurus®. Whole plasmid 

sequencing does not require amplification steps and primers to detect specific regions of the 

plasmid. Instead, this method linearizing the plasmid in a sequence-independent manner and 

sequences every nucleotide within a long, single read, using R10.4.1 flow cells (Oxford 

Nanopore Technologies, UK). Therefore, it can reveal any structural abnormalities in a sample, 

e.g. degraded DNA or contaminants. The histogram below (Figure 22) shows the detection of 

one main peak around 9000 base pairs, indicating the sample was pure and contained the 

KDR-NL plasmid (8840 base pairs). Furthermore, a data consensus score was reported, 

showing a high confidence of nucleotide detection. As with the Sanger sequencing results, 

sequences were aligned with a reference plasmid to ensure no mutations in the DNA. 
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Figure 21: Histogram showing number of reads for each base pair 
length. One main peak was detected around 9000 base pairs, indicating 
the sample was pure and contained the KDR-NL plasmid (8840 base pairs). 
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2.4.5. NanoBRET ligand binding assay 

2.4.5.1. Bioluminescence Resonance Energy Transfer 

Bioluminescence Resonance Energy Transfer (BRET) is a quantitative technique that allows 

the investigation of interaction of ligands at the receptor in living cells (Stoddart et al., 2018). 

Unlike a functional reporter gene assay (Carter et al., 2015), that monitors effects on the 

downstream signalling pathway after receptor activation, BRET measures direct binding 

affinity of the inhibitor to the receptor. The technique requires two components: a luciferase, 

serving as the bioluminescent energy donor, and a fluorophore, serving as the energy 

acceptor (Stoddart et al., 2018). Upon addition of the nanoluciferase’s substrate, furimazine, 

bright bioluminescence is emitted (Figure 23B). When within a distance of <10 nm, the excess 

energy from the luciferase is transferred to the fluorophore. An electron from the fluorophore 

is excited into a higher energy state and, when falling back into its relaxation state, emits light 

at a different wavelength than the luciferase (Figure 23C). In this way, an energy transfer takes 

place from luciferase to fluorophore, i.e. BRET. 

 

Previously done N-terminal (Kilpatrick et al., 2017), here a C-terminal NanoLuc-tagged 

VEGFR2 was used (Figure 23A). NanoLuc is a small luciferase, derived from deep-sea shrimp 

luciferase, and emits bright bioluminescence at 460 nm (Hall et al., 2012). Following binding 

of fluorescently tagged sunitinib (i.e. sunitinib-red) to ATP pocket of the receptor, the 

fluorescent tracer comes in close proximity (<10 nm) to NanoLuc, resulting in emission at 670 

nm. As shown in Figure 23C, there is minimal overlap between the emission spectra NanoLuc 

and sunitinib-red, making this fluorescent tracer an ideal compound for BRET detection. 

Simultaneous measurement of bioluminescent and fluorescent light allows for the monitoring 

of sunitinib-red binding at the receptor and displacement of sunitinib-red by unlabelled 

inhibitors. 
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Figure 22: NanoBRET assay. A. Bioluminescence resonance 
energy transfer. Upon addition of NanoLuc’s substrate, 
luminescence is emitted. Proximity of a fluorophore, here 
sunitinib-red, results in an energy transfer and emission of red 
fluorescence. Created with Biorender.com B. NanoLuciferase 
catalyses the conversion of furimazine to furimamide, with 
emission of bright luminescence as by-product. Chemical reaction 
adapted from Hall et al. (2012). C. NanoLuc emission spectra 
(blue, peak at 460 nm) and sunitinib-red excitation (red dashed, 
peak at 650 nm) and emission (full red, peak at 670 nm) spectra. 
Figure adapted from Stoddart et al., (2018). 
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2.4.5.2. HEPES Buffered Saline Solution (HBSS) 

All BRET experiments were carried out in HEPES Buffered Saline Solution (HBSS). This solution 

was prepared at a 10X stock solution of 1 L. The pH was adjusted to 7.45 (with 3 M NaOH) 

and the stock solution was autoclaved and stored at 4 C. 1X solution was prepared by a 1:10 

dilution in ddH2O and addition of 18 g D-Glucose 100 mM. The final composition of the 1X 

HBSS solution was: 

 

Calcium chloride dihydrate   1.3 mM 

D-Glucose     10 mM 

HEPES     10 mM 

Magnesium sulphate heptahydrate 1 mM 

Potassium chloride    5 mM 

Sodium pyruvate   2 mM 

Sodium chloride    145 mM 

Sodium bicarbonate   1.5 mM 

in ddH2O 
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2.4.5.3. Sunitinib-red saturation binding and displacement 

HEK293 T cells were grown to 80% confluency in DMEM/10% FCS. Cells were seeded 48 h 

prior to assay at 20 000 cells/well in DMEM/10% FCS in white 96 well plates (Greiner Bio-One, 

UK), coated with 0.01 mg/mL poly-D-lysine in PBS. The next day, cells were transfected with 

VEGFR2-NL construct (100 ng cDNA/well) and incubated for a further 20 h. On the day of the 

experiment, medium was removed and replaced by HBSS/0.1% protease-free BSA. Cells were 

pre-treated with 1 nM VEGF165a for 15 min, followed by fluorescent ligand and inhibitor where 

appropriate, in a total volume of 50 L per well, and incubated for 1 h at 37 °C/5% CO2. 

Furimazine (1:400) was added to each well and plates were incubated for a further 10 min at 

37 °C/5% CO2 before BRET was measured. Cells were then lysed using NanoGlo® lytic buffer 

at room temperature for 10 min before BRET was measured a second time. Fluorescence and 

bioluminescence were read at room temperature using a PHERAstar FS plate reader (BMG 

Labtech, Germany) using a filter for 460 – 80 nm for donor NanoLuc emission and a > 610 nm 

longpass filter for acceptor sunitinib-red emission or a > 550 nm longpass filter for acceptor 

unlabelled sunitinib emission. BRET ratios were calculated as acceptor/donor emission values 

from the second of three cycles. 

 

2.4.5.4. NanoBRET kinetics assay, pre-incubated with sunitinib-red 

For kinetic experiments, HEK293T cells were seeded and transfected as described above. Cells 

were pre-treated with 1 nM VEGF165a for 15 min, followed by sunitinib-red and the 

appropriate inhibitor in triplicates. Plates were incubated at 37 °C/5% CO2 for 1 h before 

furimazine (1:400) was added. Baseline BRET was taken for an initial 10 min every 60 s. Cell 

lysis was then performed, and BRET was measured for a further 50 min. Kinetics experiments 

were carried out in a temperature-controlled environment at 25 °C or 37 °C. 

 

2.4.5.5. NanoBRET kinetics assay in lysed cells  

HEK293T cells were seeded and transfected as described above. Cells were pre-treated with 

1 nM VEGF165a for 15 min. Furimazine (1:400) and NanoGlo® lytic buffer were added 

simultaneously and baseline BRET measurement commenced immediately after. After 10 min 

of initial reads, sunitinib-red and the appropriate inhibitor were added in triplicates, and BRET 

was measured for a further 50 min. 
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2.4.6. Functional reporter gene assay 

2.4.6.1. NFAT ReLuc2P reporter gene 

To assess the pharmacological inhibition of VEGFR2 downstream signalling by TKIs, a 

functional reporter gene assay was used (Figure 24B). Carter et al. (Carter et al., 2015) have 

previously described this nuclear factor of activated T-cells (NFAT)-luciferase assay to 

quantitively assess the interaction of RTKIs on VEGF165a/VEGFR2 signalling. In stably 

transfected cells, the Firefly luciferase ReLuc2P was inserted downstream the NFAT promotor 

so that the luciferase is produced in response to NFAT-induced gene transcription. 

VEGF165a/VEGFR2 downstream signalling leads, via an increase in Ca2+ concentration and 

activation of calcineurin, to dephosphorylation of NFAT and its translocation into the nucleus 

(Carter et al., 2015; Hill et al., 2001). Through binding to the NFAT response element, NFAT 

promotes subsequent transcription of the ReLuc2P gene (Carter et al., 2015; Hill et al., 2001) 

(Figure 24B). The luciferase catalyses the conversion of its substrate, 5-fluoroluciferin, to 

oxyfluroluciferin, and luminescence is emitted (Figure 24A) allowing for quantification of 

VEGF2 activation and signalling. 

 

2.4.6.2. VEGF165a concentration response assay 

NFAT-ReLuc2P HEK293 cells stably expressing NL-VEGFR2 were grown to 80% confluency in 

DMEM/10% FCS. Cells were seeded 48 h prior to experimentation at 20 000 cells/well in 

DMEM/10% FCS in white 96 well plates, coated with 0.1 mg/mL poly-D-lysine in PBS. After 24 

h, medium was replaced by 100 L serum-free DMEM and cells were incubated for a further 

24 h. On the day of the experiment, medium was replaced by serum-free DMEM containing 

0.1% BSA and VEGF165a (10 pM – 10 nM) was added to the wells in a total volume of 100 

L/well. Plates were incubated for 5 h at 37 °C/5% CO2. Consequently, medium was replaced 

by 50 L/well serum-free DMEM/0.1% BSA and 50 L/well ONE-Glo luciferase reagent 

(Promega Corporation, USA). Following a 5-minute delay, luminescence was measured using 

a TopCount plate reader (Perkin Elmer, UK). 
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Figure 23: NFAT luciferase reporter gene assay. A. the firefly luciferase catalyses conversion of 
its substrate, 5’-fluoroluciferin, into oxyfluoroluciferin emitting bright luminescence as a by-
product. Chemical reaction taken from Hawkins et al. (2007). B. Binding of VEGF-A to VEGFR2 
activates the intracellular domain of the receptor, inducing its signalling cascade and ultimately 
resulting in translocation of NFAT into the nucleus. NFAT acts as a transcription factor and 
stimulates the luciferase gene expression. The luciferase converts its substrate, 5-fluoroluciferin, 
to oxyfluoroluciferin, emitting luminescence. The produced luminescence serves as read-out for 
activation of the VEGFR2 signalling pathway. RTKI inhibiting VEGFR2 signalling will decrease 
luminescence levels. Created in Biorender.com 

A 

B 
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2.4.6.3. Pharmacological inhibition of NFAT-induced response 

To determine the effect of the inhibitors on NFAT signalling, cells were seeded and starved as 

described above. On the day of the experiment, cells were pre-treated with increasing 

concentrations of inhibitor (10 pM – 10 M) in triplicates for 1 h. VEGF165a (1 nM) or 

ionomycin (1 M) was then added to the wells in a total volume of 100 L/well and plates 

were incubated for 5 h, before medium was replaced by ONE-Glo luciferase reagent and 

luminescence was read. 
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2.4.7. Data analysis and statistical tests  

2.4.7.1. Software  

All data are presented as mean ± SEM. All in vitro data were analysed using Prism 6 (GraphPad 

Software, San Diego, CA, USA).  

 

2.4.7.2. BRET binding assay 

The sunitinib-red saturation curve was fitted simultaneously for total and non-specific binding 

using a one site fit, to the following equation: 

𝑇𝑜𝑡𝑎𝑙 𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = 𝐵𝑚𝑎𝑥 .
[𝐿]

[𝐿]+ 𝐾𝐷
+ 𝑀. [𝐿] + 𝐶      (5) 

where Bmax is the maximal specific binding, [L] is the concentration of sunitinib-red (nM), KD 

is the equilibrium dissociation constant of sunitinib-red (nM), M is the slope of the non-

specific binding component and C the y-axis intercepts. 

 

Displacement curves of unlabelled inhibitors, in the presence of a fixed concentration of 

sunitinib-red were fitted to the following equation:  

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐵𝑖𝑛𝑑𝑖𝑛𝑔 =  100 − 
100 x [𝐼]𝐻𝑐

[𝐼]𝐻𝑐+ 𝐼𝐶50
𝐻𝑐       (6) 

where Specific Binding is the specific binding of 30 nM sunitinib-red, [I] is the concentration 

of inhibitor, IC50 is the concentration of inhibitor required to generate 50% of inhibition, and 

Hc is the Hill coefficient, describing the steepness of the curve.  

 

Binding affinities (Ki) of unlabelled inhibitors were calculated using the Cheng-Prusoff 

equation: 

𝐾𝑖 =  
𝐼𝐶50

1+ 
[𝐿]

𝐾𝐷

           (7) 

where IC50 is the inhibitor concentration required to generate 50% of inhibition, [L] is the 

concentration of sunitinib-red used (nM), and KD was derived from the sunitinib-red 

saturation binding curve. 
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The displacement curve for inhibition of sunitinib-red binding by unlabelled sunitinib was 

fitted to the following equation: 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐵𝑖𝑛𝑑𝑖𝑛𝑔 = (100 − 
100 x [𝑆𝑢𝑛]

[𝑆𝑢𝑛]+ 𝐼𝐶50
) + 

𝐸𝑀𝐴𝑋 x [𝑆𝑢𝑛]

[𝑆𝑢𝑛]+ 𝐸𝐶50
       (8) 

where Specific Binding is the specific binding of 30 nM sunitinib-red alone, [Sun] is the 

concentration of non-fluorescent sunitinib, IC50 is the concentration of sunitinib required to 

inhibit 50% of the specific binding of 30 nM sunitinib-red and EMAX and EC50 are the maximal 

BRET signal and concentration of sunitinib required to stimulate a direct BRET response. 

 

In the kinetic associated curves, data were simultaneously fitted to the follow equation:  

𝑌 = 𝑌𝑚𝑎𝑥 (1 − 𝑒−𝑘𝑜𝑏𝑠.𝑡)         (9) 

𝑘𝑜𝑛 =
𝑘𝑜𝑏𝑠− 𝑘𝑜𝑓𝑓

[𝐿]
                    (10) 

where Ymax is the level of binding at infinite time (t), kobs is the rate constant for the observed 

rate of association at a particular concentration of L, [L] is the ligand concentration in M, koff 

is the dissociation rate constant of the ligand (in min-1) and kon is the association rate constant 

(in min-1 M-1). From this, the kinetic dissociation constant (Kd) is determined with the following 

equation: 

𝐾𝑑 =  
𝑘𝑜𝑓𝑓

𝑘𝑜𝑛
                                (11) 
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2.4.7.3. Functional NFAT assay 

The VEGF165a concentration-response data were normalized to responses to 10 nM VEGF165a 

and fitted to a non-linear regression with the following equation:  

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 =  
𝐸𝑚𝑎𝑥 x [𝐴]𝐻𝑐

[𝐴]𝐻𝑐+ 𝐸𝐶50
𝐻𝑐                     (12) 

where Emax is the maximal response, [A] is the concentration of VEGF165a, EC50 is the 

concentration of VEGF165a required to generate 50% of the Emax and Hc is the Hill coefficient, 

representing the slope of the curve. 

 

Inhibition curves of unlabelled inhibitors, in the presence of a fixed concentration of VEGF165a 

were fitted to the following equation:  

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 =  100 − 
100 x [𝐼]𝐻𝑐

[𝐼]𝐻𝑐+ 𝐼𝐶50
𝐻𝑐                    (13) 

where Response is the response to 1 nM VEGF165a alone, [I] is the concentration of inhibitor, 

IC50 is the concentration of inhibitor required to generate 50% of inhibition, and Hc is the Hill 

coefficient, describing the steepness of the curve. 

 

2.4.7.4. Statistical tests 

Statistical significance was determined by two-tailed Student’s paired t-test (for changes in 

response between two paired conditions), two-tailed unpaired t-test (for changes in response 

between two unpaired conditions) or one-way ANOVA (for changes between more than two 

conditions) with post hoc Tukey’s multiple comparison test. Results were considered 

significant where p<0.05. 
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3.1. Chapter introduction 

Cardiovascular side effects are one of the leading causes for drug attrition from clinical and 

post-marketing stages of drug development (Cook et al., 2014; Qureshi et al., 2011). More 

sensitive systems to detect subtle changes in preclinical settings, and to translate these 

preclinical observations into long term risk in humans, could improve the reliability of 

preclinical safety assessment (Laverty et al., 2011; Weaver & Valentin, 2019b). Importantly, 

the analysis of BP signals needs improvement, as the traditional analysis includes few single 

points measures and overlooks the majority of recorded signals (Bhatt et al., 2019; Laverty et 

al., 2011; Mynard et al., 2020; O’Rourke & Jiang, 2001). In this Chapter, the traditional analysis 

of BP signals was performed (i.e., assessing MAP, HR and PP), allowing for comparison with 

more in-depth approaches discussed in later Chapters (Chapter 4 and Chapter 5).  

 

One class of drugs that is known to cause severe cardiovascular toxicity are tumour 

angiogenesis inhibitors, used in advanced cancers (Ferrara & Adamis, 2016; Møller et al., 

2019). These drugs are VEGFR2 inhibitors and have proven effective as adjuvant therapy, but 

their clinical application is restricted due to, in part, cardiovascular toxicity (Ferrara & Adamis, 

2016; Møller et al., 2019). For example, sunitinib, a non-selective VEGFR2 inhibitor, is 

reported to cause or worsen persistent hypertension in 38% of patients (Bono et al., 2011). 

Even though the exact mechanism remains to be fully elucidated, it is clear that VEGFR2 

inhibition leads to an increase in blood pressure and subsequent cardiovascular risks, 

including heart failure and myocardial infarction (Camarda et al., 2022; S. L. Cooper et al., 

2019; Ghatalia et al., 2015; Schutz et al., 2012).  

 

Equally, off-target inhibition of VEGFR2 presents a safety concern. The Syk inhibitor 

fostamatinib, FDA and EMA approved for treatment of ITP and in clinical trials for several 

other hyperimmune pathologies, is an example of this (D. Liu & Mamorska-Dyga, 2017; 

Newland & McDonald, 2020). Its non-selective binding to VEGFR2 leads to a safety profile 

similar to that observed with anti-angiogenesis therapies (Lengel et al., 2015; M. Skinner et 

al., 2014). Although the cardiovascular toxicity appears to be less severe, fostamatinib’s safety 

liabilities limit its full clinical potential, especially in chronic applications (Y. Chen et al., 2021; 

Currie et al., 2014). 
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To improve the safety of Syk inhibition, a second generation of more selective inhibitors was 

developed. Of these, entospletinib is the one of the most extensively studied (Currie et al., 

2014; Lam et al., 2021; D. Liu & Mamorska-Dyga, 2017; Morschhauser et al., 2021; J. Sharman 

et al., 2015). This compound exhibits a better selectivity for Syk and was expected to display 

an improved cardiovascular safety profile (Currie et al., 2014). So far, Phase I and Phase II 

clinical trials seem to confirm this anticipation (Burke et al., 2018; Danilov et al., 2020; Lam et 

al., 2021; Morschhauser et al., 2021; J. Sharman et al., 2015). 

 

The aim of this Chapter was to characterise the cardiovascular safety of these Syk inhibitors 

using the typical approach currently applied in preclinical studies. According to the guideline 

for preclinical safety pharmacology ICH S7A (The International Conference on Harmonisation 

‘S7A Safety Pharmacology Studies for Human Pharmaceuticals’), preclinical cardiovascular 

core testing should include an evaluation of BP and HR (International Conference on 

Harmonisation, 2001). The guideline recommends performing these assessments in conscious 

animals, for example by telemetry in unrestrained rodents (International Conference on 

Harmonisation, 2001). Therefore, in this Chapter, this method was used for the initial safety 

evaluation of the Syk inhibitors. Radiotelemetry in rats was employed to monitor changes in 

BP and HR before and after drug administration. Arterial BP signals were analysed as MAP 

and PP, as is currently the conventional method for BP wave analysis (Mynard et al., 2020). 

ICH S7A states that safety pharmacology studies are generally performed by single dose 

administration, nonetheless in this Chapter animals were dosed once daily for two 

consecutive days and pressure signals were monitored for 48 h, to allow for slightly longer-

term monitoring and detection of potential lag- or accumulation- effects.  

 

In summary, the results in this Chapter 3 provide the initial characterisation of the safety of 

the selected Syk inhibitors and serves as reference points for further Chapters (Chapter 4 and 

Chapter 5). 
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3.2. Chapter methodology 

3.2.1. Radiotelemetry set-up 

To monitor MAP and HR, the TSE Stellar telemetry system was used. As detailed in Chapter 2 

(section 2.1.1.2.), this set-up offers multiple advantages compared to other methods for 

blood pressure measurement. Firstly, radiotelemetry can be performed in conscious and 

freely moving animals that are housed in pairs, therefore data are representative for the 

normal state of the animal (Crestani et al., 2010; Kramer & Kinter, 2003; Matt Skinner et al., 

2019). This contrasts with tail-cuff manometry, where animals are restrained, or the Doppler 

flowmetry model described in Chapter 5, where animals are single housed and tethered 

during experimentation, potentially increasing stress in animals. Moreover, the TSE Stellar 

receiver is able to simultaneously detect signals from two different animals in the same cage 

(TSE systems, 2020), therefore reduces the numbers of animals used, as there is no need of 

non-instrumented cage buddies. Lastly, the Stellar set-up uses a solid tip catheter which is 

suggested to detect more accurate and sharp blood pressure waves (AD Instruments & 

Williams, 2022; TSE systems, 2020). These high-quality data were required for further in-

depth waveform analysis in the next Chapter (Chapter 4). In summary, the TSE Stellar system 

was chosen to perform the telemetry studies in this thesis as it offers advances in animal 

welfare and high-quality data acquisition. 

3.2.2. Animals and surgery 

All in vivo experimentation was approved by the Animal Welfare and Ethical Review Body 

(University of Nottingham) and performed under the Scientific Procedures Animals Act 

(1986), with UK Home Office approved Project Licence PP1632406, Protocol 3 and Personal 

Licence authority. Adult Male Wistar Han rats (400 - 550 g) were implanted with the telemetry 

devices (n=6). The BP sensor tip was positioned in the abdominal aorta and ECG electrodes 

were implanted, one on the ventral surface of the xiphoid and one subcutaneous over the 

right pectoral muscle. The body of the telemetry device was secured in the abdominal cavity. 

This device body contained a temperature probe and activity probe, the battery of the 

wireless implant and the transmitter that, via the antenna, transmits recorded data to the 

receiver outside of the cage. Full details of the surgery and experimental set-up can be found 



Chapter 3: Radiotelemetry results  

 114 

in Chapter 2 (section 2.1.4.). Animals were given a minimum of 14 days for recovery before 

the commencement of any experiments.  

3.2.3. Experimental protocol  

In total, five compounds were tested, alongside the appropriate vehicles. Besides the Syk 

inhibitors (fostamatinib, 20 mg/kg and entospletinib, 6 mg/kg), three reference compounds 

were tested; two compounds decreasing MAP (vardenafil, 10 mg/kg and molsidomine, 10 

mg/kg) and one increasing MAP (sunitinib-L-malate, 7 mg/kg). All solutions were dosed via 

oral gavage once daily for two consecutive days, at a volume of 10 mL/kg. An overview of the 

study protocol can be found in Figure 24. At least 7 days were left between two studies (drug 

or vehicle), to ensure complete wash-out of the previously administered compound. Plasma 

half-lives of each compound are specified below; none were sufficiently long to result in 

relevant plasma concentrations after 7 days. Indeed baseline values after 7 days were similar 

to those recorded before the first test (e.g. Figure 26). 

 

 

Figure 24: Telemetry study protocol. Telemetry recordings were done 1 h before dosing on the first day, and up to 22 h after 
dosing. The same protocol was followed on the second day. Each drug was administered once daily, for two consecutive days. 

 

Most groups were composed of 6 animals (n=6), however, as one telemetry implant became 

faulty after the 5th group, the n-number was reduced by one, therefore the last three groups 

were run with 5 animals (n=5). 
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3.2.3.1. Fostamatinib 

As described in Chapter 1 (section 1.3.4.), fostamatinib is the first and only marketed Syk 

inhibitor (D. Liu & Mamorska-Dyga, 2017). Due to the non-selectivity of its active metabolite 

R406, this compound displayed hypertension as an adverse drug reaction in clinical trials 

(Davis et al., 2011; Kunwar et al., 2016). Fostamatinib has been administered previously to 

rats at an oral dose of 8.5 mg/kg and 30 mg/kg twice daily. These dosing schedules resulted 

in maximal free plasma concentrations of 27 nmol/L and 106 nmol/L respectively (Lengel et 

al. 2015). Lengel et al. dosed twice daily and in this study dosed fostamatinib once daily, 

therefore plasma concentrations are not directly comparable, nonetheless this study was 

used as a guide when choosing the dose here. In this study, the aim was to reflect relevant 

clinical plasma concentrations. The clinical mean peak free plasma concentration in clinical 

trials was approximately 49 nmol/L (Lengel et al. 2015), therefore fostamatinib was dosed at 

20 mg/kg once daily. This dose theoretically (based on the study by Lengel et al.) resulted in 

a peak plasma concentration of 35 – 60 nmol/L. The oral route is the therapeutic route in man 

(Connell & Berliner, 2019). The plasma half-life of R406 is 4.2 h in rats (Pine et al., 2007). 

 

3.2.3.2. Entospletinib 

As described in Chapter 1 (section 1.3.5.), entospletinib is a second generation Syk inhibitor 

with a better selectivity profile and expected to display less cardiovascular side effects (Currie 

et al., 2014). Entospletinib has been administered previously to rats at a dose of 3 mg/kg twice 

daily, this dose resulted in plasma concentrations sufficient to significantly reduce arthritis 

disease scores on the second day (Currie et al., 2014). Again, here the aim was to obtain 

plasma concentration in vivo that were relevant to clinical settings, therefore entospletinib 

was dosed 6 mg/kg once daily in this study. The microsomal half-life of entospletinib in rats is 

35 min (Currie et al., 2014). 
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3.2.3.3. Vardenafil 

Besides the Syk inhibitors, two vasodilators were tested. Vardenafil is a potent 

phosphodiesterase type 5 (PDE-5) inhibitor (Keating & Scott, 2003). This compound inhibits 

the breakdown of cGMP, a second messenger that mediates the NO-induced vasodilation 

(Ghiadoni et al., 2008). By sustaining the activity of NO and thus enhancing its vasodilating 

effects, it causes a decrease in BP (Ghiadoni et al., 2008; Keating & Scott, 2003). Vardenafil 

had been administered to rats at a dose of 10 mg/kg in a previous study at Vivonics Ltd. and 

is known to be well tolerated. The oral route is the therapeutic route in man (Keating & Scott, 

2003). The plasma half-life of vardenafil in rats is 1.38 h (Matsumoto et al., 2009). 

 

3.2.3.4. Molsidomine 

Molsidomine acts as an NO-donor and is therefore a potent vasodilating compound (Chander 

& Chopra, 2005; Nayak B et al., 2021), displaying similar effects as vardenafil on MAP and HR. 

Molsidomine has been administered previously to rats at an oral dose of 10 mg/kg and was 

well tolerated (Chander & Chopra, 2005; Nayak B et al., 2021). No literature on the half-life 

of molsidomine (or its active metabolite SIN-1) in rats could be found, however in humans, 

SIN-1 is quickly metabolised to release NO and the plasma half-life is less than 2 h (Rosenkranz 

et al., 1996).  

 

3.2.3.5. Sunitinib 

Lastly, sunitinib was evaluated in the radiotelemetry set-up. Sunitinib is a non-specific 

receptor tyrosine kinase inhibitor (RTKI), targeting VEGFR2 and PDGRRs developed for anti-

angiogenic effects in various cancer types, and associated with antiVEGFR2-induced 

hypertension (Davis et al., 2011; Neves et al., 2020). The malate salt of sunitinib was used, as 

it has a higher solubility in aqueous solutions. Sunitinib-L-malate has been administered 

previously to rats at a dose of 7 mg/kg, this dose resulted in systemic concentrations 

comparable with those reached in patients treated with a standard daily dose of sunitinib of 

50 mg (Lankhorst et al., 2015). The oral route is the therapeutic route in man. In rats, 

sunitinib’s plasma half-life is 8 h (Speed et al., 2012). 
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3.2.3.6. Vehicle 

All drugs were dissolved or suspended in 10% (w/V) hydroxypropyl beta cyclodextrin (CTD 

Inc.) in water for injection. This solution was used as vehicle in the control groups as well, 

dosed at 10 mL/kg. Every drug-treated group was compared with its corresponding vehicle 

group recorded in the preceding or following week. 

 

3.2.4. Statistics  

All data were expressed as mean ± SEM. Statistical analysis was performed in Prism 9.5.1 

(GraphPad Software, San Diego, CA, USA). Delta changes (e.g. MAP) are changes in reference 

to the baseline value on day 1. As there were two categorical, independent variables (time 

and treatment) and one quantitative outcome variable (MAP, HR or PP), a two-way ANOVA 

test was performed. This tested (1) if MAP/HR/PP was significantly different over time, (2) if 

MAP/HR/PP was significantly different between groups, and (3) if MAP/HR/PP was 

significantly different between groups over time. If the result of the two-way ANOVA were 

significant, multiple comparisons test were performed; a Dunnett test to determine where 

changes over time from baseline were significant and a Sídák test to determine where 

changes between groups were significant. Results were considered significant at p < 0.05. 
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3.3. Chapter results: Conventional waveform analysis  

3.3.1. Vardenafil 

Vardenafil caused an immediate large decrease in MAP and MAP (Figure 25A and 26D). The 

maximum effect was reached on day 2, within the first hour after dosing (MAP = -11.0 ± 1.2 

mmHg for vardenafil (n=5) versus 0.8 ± 1.9 mmHg for vehicle (n=6), Table 3, Sídák test p<0.05). 

This decrease in blood pressure was accompanied by an increase in HR (Figure 25B and 26E). 

The maximum effect on HR was observed on day 1, within the first hour after dosing (HR = 

108.6 ± 8.0 bpm for vardenafil versus 16.0 ± 14.6 bpm for vehicle, Table 3, Sídák test 

p<0.0005). The elevation in HR was temporary and not significantly different from vehicle 

after 2 – 3 h post dosing. Furthermore, a simultaneous decrease of PP was observed in 

vardenafil-treated rats (Figure 26C and 26F). The biggest difference in PP was observed on 

the first day, 2 – 3 h after dosing (PP = -7.0 ± 0.8 mmHg for vardenafil versus -0.8 ± 1.2 mmHg 

for vehicle, Table 3, Sídák test p<0.05). This decrease sustained throughout the day. All 

numerical data showing the effect of vardenafil on the cardiovascular variables are displayed 

in Table 3.
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Figure 25: Cardiovascular effects of vardenafil. Changes in MAP (A), HR (B) and PP (C) of rats dosed with vardenafil 10 mg/kg p.o. (n=5, red, filled circles) and vehicle p.o. (n=6, blue, open circles). 
Data were normalised to baseline recording for each animal individually, presented in (D), (E) and (F). Black triangles on time-axis indicate time of administration of vardenafil or vehicle. Data 
are presented as mean ± SEM, were binned per hour (baseline and first 4 h after dosing) or per 4 h (from 4 h after dosing) and plotted at the time points half-way through the 1 h or 4 h interval. 

A two-way ANOVA test was conducted to test for overall differences between two groups ( = p<0.05), followed by multiple comparison by Sídák to test for differences between the groups at 
each time point (# = p<0.05) Furthermore, if there was a significant change over time within a group (two-way ANOVA), each timepoint of the group was compared to the group’s corresponding 
baseline (T=-0.5 h), by Dunnett test, performed on the raw, non-normalised data (* = p<0.05). 
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Table 3: Changes in MAP, HR and PP after vardenafil administration. Mean ± SEM changes from baseline (defined as 
T=-0.5 h) from rats dosed with vardenafil (10 mg/kg/day, n=5) or vehicle (10 mL/kg/day, n=6). Data were binned per hour 
(baseline and first 4 h after dosing) or per 4 h (from 4 h after dosing). Blue line indicated dosing via oral gavage. Statistics: 

Significant changes between treated and vehicle group overall are indicated by  (two-way ANOVA, p<0.05), followed by 
significant changes for each individual timepoint between the groups, indicated by # (Sídák, p<0.05). Significant changes 
within the group from baseline are indicated by * (two-way ANOVA, p<0.05). 

Time  
(h) 

MAP (mean ± SEM) 
(mmHg) 

HR (mean ± SEM)  
(bpm) 

PP (mean ± SEM) (mmHg) 

 

Vardenafil Vehicle Vardenafil Vehicle Vardenafil Vehicle 

-1 – 0  0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

0 – 1 -9.0 ± 2.8#,* 0.2 ± 2.4 108.6 ± 8.0#,* 16.0 ± 14.6 -5.6 ± 0.8#,* -0.8 ± 0.9 

1 – 2  -10.2 ± 2.9* -3.2 ± 2.5 39.2 ± 11.9# -29.8 ± 18.4 -7.4 ± 0.9#,* -1.5 ± 1.0 

2 – 3  -9.6 ± 3.0* -3.8 ± 2.5 5.8 ± 14.2 -42.2 ± 17.8 -7.0 ± 0.8#,* -0.8 ± 1.2 

3 – 4  -11.4 ± 2.5* -4.7 ± 1.6 -23.4 ± 17.8 -46.7 ± 16.2 -7.2 ± 0.7#,* -2.2 ± 0.5 

4 – 8  -11.4 ± 1.0* -5.9 ± 1.9 -22.4 ± 30.4 -43.3 ± 13.8 -7.4 ± 0.8#,* -3.3 ± 0.6 

8 – 12  -8.0 ± 1.0 -1.0 ± 2.1 -5.6 ± 19.4 4.8 ± 14.2 -6.0 ± 0.5#,* -0.5 ± 0.5 

12 – 16  -6.4 ± 1.1 -1.3 ± 2.3 -4.8 ± 14.0 10.3 ± 13.7 -4.8 ± 0.8#,* -0.5 ± 0.8 

16 – 20  -5.2 ± 0.9 -0.8 ± 2.4 -17.4 ± 10.8 0.0 ± 13.3 -3.2 ± 1.1 -0.2 ± 0.5 

23 – 24  -3.8 ± 1.6 -5.0 ± 2.9 -10.6 ± 15.1 -46.2 ± 15.3 -2.8 ± 1.0 -2.0 ± 1.0 

24 – 25  -11.0 ± 1.2#,* 0.8 ± 1.9 96.6 ± 16.0#,* 15.8 ± 13.4 -7.2 ± 1.0#,* -1.2 ± 0.9 

25 – 26  -12.0 ± 1.5* -6.3 ± 1.8 56.4 ± 13.3# -50.0 ± 12.0 -8.6 ± 1.5#,* -3.5 ± 0.8 

26 – 27  -12.8 ± 1.5* -6.7 ± 1.6 -3.6 ± 13.5 -62.2 ± 10.4* -8.2 ± 0.7#,* -3.2 ± 0.9 

27 – 28  -13.4 ± 2.0* -5.3 ± 2.6 -42.2 ± 18.8 -60.5 ± 15.7* -8.2 ± 1.2#,* -3.5 ± 1.3 

28 – 32  -10.2 ± 1.2* -6.2 ± 1.9 -30.0 ± 18.7 -44.8 ± 15.2 -7.6 ± 1.0* -4.7 ± 1.1* 

32 – 36  -6.4 ± 1.6 -0.8 ± 2.0 -6.4 ± 19.0 9.5 ± 13.1 -6.2 ± 0.5#,* -1.7 ± 0.9 

36 – 40  -6.0 ± 1.5 -0.5 ± 2.0 -6.0 ± 14.2 19.5 ± 13.9 -5.2 ± 1.0#,* -0.3 ± 1.0 

40 – 44  -3.4 ± 1.2 -2.0 ± 2.6 -7.6 ± 15.0 -3.7 ± 15.5 -3.4 ± 1.1 -0.8 ± 0.9 
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3.3.2. Molsidomine 

Administration of molsidomine resulted in a rapid large decrease in MAP and MAP that 

returned to baseline values throughout the day (Figure 26A and 27D). The maximum decrease 

in MAP was observed on the first day, within the first hour after dosing (MAP = -10.6 ± 2.7 

mmHg for molsidomine (n=5) versus 3.0 ± 1.3 mmHg for vehicle (n=5), Table 4, Sídák test 

p<0.05). Similar to vardenafil, this decrease in MAP was accompanied by a rapid increase in 

HR, that was sustained during the first three h after dosing (Figure 26B and 27E). The 

maximum effect on HR was observed on day 1, 1 – 2 h after dosing (HR = 112.2 ± 10.7 bpm 

for molsidomine versus -23.6 ± 14.1 bpm for vehicle, Table 4, Sídák test p<0.05). Lastly, the 

PP was consistently and significantly decreased in molsidomine-treated rats (Figure 26C and 

27F), with the maximum effect observed on the first day, within the first hour after dosing 

(PP = -14.4 ± 1.4 mmHg for molsidomine versus -0.2 ± 0.4 mmHg for vehicle, Table 4, Sídák 

test p<0.05). All numerical data showing the effect of molsidomine on the cardiovascular 

variables are displayed in Table 4.
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Figure 26: Cardiovascular effects of molsidomine. Changes in MAP (A), HR (B) and PP (C) of rats dosed with molsidomine 10 mg/kg p.o. (n=5, red, filled circles) and vehicle p.o. (n=5, blue, open 
circles). Data were normalised to baseline recording for each animal individually, presented in (D), (E) and (F). Black triangles on time-axis indicate time of administration of molsidomine or 
vehicle Data are presented as mean ± SEM, were binned per hour (baseline and first 4 h after dosing) or per 4 h (from 4 h after dosing) and plotted at the time points half-way through the 1 h or 

4 h interval. A two-way ANOVA test was conducted to between two groups ( = p<0.05), followed by multiple comparison by Sídák to test for differences to test for overall differences between 
the groups at each time point (# = p<0.05) Furthermore, if there was a significant change over time within a group (two-way ANOVA), each timepoint of the group was compared to the group’s 
corresponding baseline (T=-0.5 h), by Dunnett, performed on the raw, non-normalised data (* = p<0.05). 
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Table 4: Changes in MAP, HR and PP after molsidomine administration. Mean ± SEM changes from baseline (defined 
as T=-0.5 h) from rats dosed with molsidomine (10 mg/kg/day, n=5) or vehicle (10 mL/kg/day, n=5). Data were binned per 
hour (baseline and first 4 h after dosing) or per 4 h (from 4 h after dosing). Blue line indicated dosing via oral gavage. 

Significant changes between treated and vehicle group overall are indicated by  (two-way ANOVA, p<0.05), followed by 
significant changes for each individual timepoint between the groups, indicated by # (Sídák, p<0.05). Significant changes 
within the group from baseline are indicated by * (two-way ANOVA, p<0.05). 

Time  
(h) 

MAP (mean ± SEM) 
(mmHg) 

HR (mean ± SEM)  
(bpm) 

PP (mean ± SEM)  
(mmHg) 

 

Molsidomine
 

Vehicle Molsidomine Vehicle 
Molsidomine

 
Vehicle 

-1 – 0  0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

0 – 1 -10.6 ± 2.7#,* 3.0 ± 1.3 125.4 ± 10.0#,* 36.8 ± 12.8 -14.4 ± 1.4#,* -0.2 ± 0.4 

1 – 2  -11.6 ± 2.2#,* -2.6 ± 1.3 112.2 ± 10.7#,* -23.6 ± 14.1 -14.0 ± 1.3#,* -2.2 ± 0.9 

2 – 3  -9.6 ±1.7#,* -1.2 ± 1.8 88.2 ± 10.8#,* -23.4 ± 7.2 -11.8 ± 1.4#,* -2.4 ± 1.3 

3 – 4  -8.2 ± 2.4#,* 2.0 ± 2.3 38.4 ± 11.5 -9.4 ± 12.4 -10.4 ± 0.6#,* -1.0 ± 0.6 

4 – 8  -8.4 ± 2.5#,* 0.2 ± 1.4 7.0 ± 11.8 -8.0 ± 14.1 -8.4 ± 0.8#,* -3.4 ± 0.2 

8 – 12  -2.6 ± 2.4 3.3 ± 2.1 35.2 ± 10.2 12.5 ± 15.7 -7.4 ± 0.8#,* 0.25 ± 1.0 

12 – 16  1.4 ± 1.8 2.8 ± 1.3 49.8 ± 9.5 18.5 ± 7.8 -4.4 ± 0.7* -0.25 ± 0.9 

16 – 20  0.8 ± 1.6 2.3 ± 2.1 23.4 ± 6.3 -1.0 ± 17.5 -4.8 ± 1.2#,* -0.25 ± 1.3 

23 – 24  -4.4 ± 1.0 1.0 ± 1.1 -16.2 ± 8.2 -10.8 ± 15.5 -5.2 ± 0.8* -2.4 0.7 

24 – 25  -7.2 ± 2.2# 2.4 ± 2.1 119.6 ± 10.2#,* 15.8 ± 15.3 -14.6 ± 1.0#,* -1.6 ± 0.9 

25 – 26  -8.2 ± 2.2#,* 0.0 ± 1.6 103.2 ± 10.6#,* -21.2 ± 18.4 -14.4 ± 1.3#,* -2.6 ± 0.6 

26 – 27  -7.6 ± 2.1# 0.6 ± 1.5 62.0 ± 14.0#,* -19.6 ± 11.5 -12.2 ± 1.6#,* -2.6 ± 0.7 

27 – 28  -7.4 ± 1.9# 1.6 ± 2.2 8.4.0 ± 8.2 -20.4 ± 10.7 -9.4 ± 1.2#,* -3.0 ± 0.3 

28 – 32  -5.0 ± 1.9 0.6 ± 1.4 14.0 ± 8.5 -10.6 ± 18.1 -9.4 ± 1.3#,* -3.0 ± 0.7 

32 – 36  0.4 ± 2.7 3.8 ± 2.1 37.2 ± 12.8 31.0 ± 23.4 -6.6 ± 1.3#,* -0.6 ± 1.4 

36 – 40  1.8 ± 2.2 3.0 ± 1.5 47.0 ± 7.2 32.4 ± 16.9 -5.2 ± 0.9#,* -0.4 ± 1.0 

40 – 44  2.4 ± 2.3 4.4 ± 2.0 28.4 ± 9.7 23.4 ± 21.2 -3.6 ± 1.1 -0.2 ± 1.2 
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3.3.3. Sunitinib 

Administration of sunitinib resulted in an increase in BP (Figure 27A and 28D). From the first 

day, MAP was significantly different between the sunitinib-group (n=6) and the vehicle 

group (n=6). On the second day, an even larger increase in MAP was observed, with the 

maximum effect at 3-4 h after dosing (MAP = 8.2 ± 1.6 mmHg for sunitinib versus -5.3 ± 2.6 

for vehicle, Table 5, Sídák test p<0.05). Although overall the HR and HR were changed 

significantly between the sunitinib group and vehicle group (two-way ANOVA, p<0.05 for both 

HR and HR), no individual time point was significantly different between the groups (Figure 

27B and 28E). PP slightly increased following sunitinib administration, with the only 

significant difference from vehicle at 16-20 h after dosing on the second day (Figure 27F, PP 

= 2.8 ± 0.7 mmHg for sunitinib versus -0.8 ± 0.9 mmHg for vehicle, Sídák test p<0.05, Table 5). 

All numerical data showing the effect of sunitinib on the cardiovascular variables are 

displayed in Table 5.



Chapter 3: Radiotelemetry results  

 125 

 

Figure 27: Cardiovascular effects of sunitinib. Changes in MAP (A), HR (B) and PP (C) of rats dosed with sunitinib 7 mg/kg p.o. (n=6, red, filled circles) and vehicle p.o. (n=6, blue, open circles). 
Data were normalised to baseline recording for each animal individually, presented in (D), (E) and (F). Black triangles on time-axis indicate time of administration of sunitinib or vehicle. Data are 
presented as mean ± SEM, were binned per hour (baseline and first 4 h after dosing) or per 4 h (from 4 h after dosing) and plotted at the time points half-way through the 1 h or 4 h interval. A 

two-way ANOVA test was conducted to test for overall differences between two groups ( = p<0.05), followed by multiple comparison by Sídák to test for differences between the groups at each 
time point (# = p<0.05) Furthermore, if there was a significant change over time within a group (two-way ANOVA), each timepoint of the group was compared to the group’s corresponding 
baseline (T=-0.5 h), by Dunnett, performed on the raw, non-normalised data (* = p<0.05).
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Table 5: Changes in MAP, HR and PP after sunitinib administration. Mean ± SEM changes from baseline (defined as T=-
0.5 h) from rats dosed with sunitinib (7 mg/kg/day, n=6) or vehicle (10 mL/kg/day, n=6). Data were binned per hour (baseline 
and first 4 h after dosing) or per 4 h (from 4 h after dosing). Blue line indicated dosing via oral gavage. Significant changes 

between treated and vehicle group overall are indicated by  (two-way ANOVA, p<0.05), followed by significant changes for 
each individual timepoint between the groups, indicated by # (Sídák, p<0.05). Significant changes within the group from 
baseline are indicated by * (two-way ANOVA, p<0.05). 

Time  
(h) 

MAP (mean ± SEM) 
(mmHg) 

HR (mean ± SEM)  
(bpm) 

PP (mean ± SEM)  
(mmHg) 

 

Sunitinib Vehicle Sunitinib Vehicle Sunitinib Vehicle 

-1 – 0  0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

0 – 1 5.2 ± 1.8 0.2 ± 2.4 11.0 ± 12.6 16 ± 14.6 0.5 ± 0.4 -0.8 ± 0.9 

1 – 2  2.2 ± 1.6 -3.2 ± 2.5 -33.8 ± 10.7 -29.8 ± 18.4 0.2 ± 0.7 -1.5 ± 1.0 

2 – 3  1.5 ± 1.8 -3.8 ± 2.5 -44.0 ± 9.1 -42.2 ± 17.8 -1.5 ± 0.8 -0.8 ± 1.2 

3 – 4  4.0 ± 2.3# -4.7 ± 1.6 -47.5 ± 11.2 -46.7 ± 16.2 -1.0 ± 0.6 -2.2 ± 0.5 

4 – 8  5.0 ± 1.3# -5.9 ± 1.9 -16.0 ± 8.6 -43.3 ± 13.8 -1.3 ± 0.5 -3.3 ± 0.6 

8 – 12  9.2 ± 1.4#,* -1.0 ± 2.1 21.3 ± 9.3 4.8 ± 14.2 0.8 ± 0.7 -0.5 ± 0.5 

12 – 16  8.8 ± 1.7#,* -1.3 ± 2.3 46.3 ± 12.2 10.3 ± 13.7 2.7 ± 1.1 -0.5 ± 0.8 

16 – 20  4.8 ± 1.4 -0.8 ± 2.4 28.3 ± 14.5 0.0 ± 13.3 3.2 ± 0.5 -0.2 ± 0.5 

23 – 24  0.3 ± 2.2 -5.0 ± 2.9 -10.0 ± 16.6 -46.2 ± 15.3 0.5 ± 0.7 -2.0 ± 1.0 

24 – 25  6.2 ± 1.1 0.8 ± 1.9 16.7 ± 8.7 15.8 ± 13.4 0.7 ± 0.4 -1.2 ± 0.9 

25 – 26  3.0 ± 2.0# -6.3 ± 1.8 -29.2 ± 15.0 -50.0 ± 12.0 -0.2 ± 0.5 -3.5 ± 0.8* 

26 – 27  2.3 ± 2.4# -6.7 ± 1.6 -57.0 ± 12.1* -62.2 ± 10.4* -2.0 ± 1.2 -3.2 ± 0.9 

27 – 28  8.2 ± 1.6#,* -5.3 ± 2.6 -37.0 ± 11.1 -60.5 ± 15.7* -1.0 ± 0.9 -3.5 ± 1.3* 

28 – 32  7.2 ± 1.5# -6.2 ± 1.9 -22.0 ± 9.6 -44.8 ± 15.2 -1.5 ± 0.8 -4.7 ± 1.1* 

32 – 36  9.7 ± 1.1#,* -0.8 ± 2.0 18.7 ± 7.7 9.5 ± 13.1 0.8 ± 0.7 -1.7 ± 0.9 

36 – 40  9.7 ± 0.8#,* -0.5 ± 2.0 30.8 ± 6.8 19.5 ± 13.9 2.8 ± 1.4# -0.3 ± 1.0 

40 – 44  8.2 ± 1.6#,* -2.0 ± 2.6 23.0 ± 13.0 -3.7 ± 15.5 2.8 ± 0.7 -0.8 ± 0.9 
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3.3.4. Fostamatinib   

Fostamatinib (n=5) caused a small increase in MAP (Figure 28A). There was no significant 

difference in MAP between fostamatinib and vehicle-treated animals (both groups, n=5) on 

the first day (two-way ANOVA). On the second day, MAP significantly increased (Figure 28D), 

with the maximum effect observed 3-4 h after dosing (MAP = 8.8 ± 0.7 mmHg for 

fostamatinib versus 1.6 ± 2.2 mmHg for vehicle, Table 6, Sídák test p<0.05). There were no 

significant changes in HR between the two groups (Figure 28E, two-way ANOVA). No 

significant change was observed in PP (Figure 28B). PP was increased after fostamatinib 

administration (Figure 28F), with the only significant change observed 1-2 h after dosing on 

the second day (PP = 2.2 ± 1.3 mmHg for fostamatinib versus -2.6 ± 0.5 mmHg for vehicle, 

Sídák test p<0.05, Table 6). All numerical data showing the effect of fostamatinib on the 

cardiovascular variables are displayed in Table 6.
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Figure 28: Cardiovascular effects of fostamatinib. Changes in MAP (A), HR (B) and PP (C) of rats dosed with fostamatinib 20 mg/kg p.o. (n=5, red, filled circles) and vehicle p.o. (n=5, blue, open 
circles). Data were normalised to baseline recording for each animal individually, presented in (D), (E) and (F). Black triangles on time-axis indicate time of administration of fostamatinib or 
vehicle. Data are presented as mean ± SEM, were binned per hour (baseline and first 4 h after dosing) or per 4 h (from 4 h after dosing) and plotted at the time points half-way through the 1 h 

or 4 h interval. A two-way ANOVA test was conducted to test for overall differences between two groups ( = p<0.05), followed by multiple comparison by Sídák to test for differences between 
the groups at each time point (# = p<0.05) Furthermore, if there was a significant change over time within a group (two-way ANOVA), each timepoint of the group was compared to the group’s 
corresponding baseline (T=-0.5 h), by Dunnett, performed on the raw, non-normalised data (* = p<0.05).
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Table 6: Changes in MAP, HR and PP after fostamatinib administration. Mean ± SEM changes from baseline (defined 
as T=-0.5 h) from rats dosed with fostamatinib (20 mg/kg/day, n=5) or vehicle (10 mL/kg/day, n=5). Data were binned per 
hour (baseline and first 4 h after dosing) or per 4 h (from 4 h after dosing). Blue line indicated dosing via oral gavage. 

Significant changes between treated and vehicle group overall are indicated by  (two-way ANOVA, p<0.05), followed by 
significant changes for each individual timepoint between the groups, indicated by # (Sídák, p<0.05). Significant changes 
within the group from baseline are indicated by * (two-way ANOVA, p<0.05). 

Time  
(h) 

MAP (mean ± SEM) 
(mmHg) 

HR (mean ± SEM)  
(bpm) 

PP (mean ± SEM)  
(mmHg) 

 Fostamatinib Vehicle Fostamatinib Vehicle Fostamatinib Vehicle 

-1 – 0  0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

0 – 1 7.8 ± 1.6* 3.0 ± 1.3 17.2 ± 4.7 36.8 ± 12.8 1.2 ± 0.8 -0.2 ± 0.4 

1 – 2  1.2 ± 1.6 -2.6 ± 1.3 -41.8 ± 7.6 -23.6 ± 14.1 -1.6 ± 1.3 -2.2 ± 0.9 

2 – 3  -0.4 ± 0.9 -1.2 ± 1.8 -56.8 ± 3.4* -23.4 ± 7.2 -3.0 ± 1.3 -2.4 ± 1.3 

3 – 4  5.2 ± 2.9 2.0 ± 2.3 -41.0 ± 11.2 -9.4 ± 12.4 -2.4 ± 2.4 -1.0 ± 0.6 

4 – 8  2.0 ± 1.5 0.2 ± 1.4 -22.0 ± 9.8 -8.0 ± 14.1 -2.6 ± 1.7 -3.4 ± 0.2 

8 – 12  5.2 ± 1.4 3.3 ± 2.1 18.8 ± 6.8 12.5 ± 15.7 1.2 ± 1.2 0.3 ± 1.0 

12 – 16  5.8 ± 1.3 2.8 ± 1.3 42.6 ± 7.6 18.5 ± 7.8 3.2 ± 1.0 -0.3 ± 0.9 

16 – 20  5.0 ± 0.9 2.3 ± 2.0 23.2 ± 8.2 -1.0 ± 17.5 2.6 ± 0.6 -0.3 ± 1.3 

23 – 24  3.0 ± 1.0 1.0 ± 1.1 24.4 ± 6.1 -10.8 ± 15.5 1.6 ± 0.9 -2.4 ± 0.7 

24 – 25  6.8 ± 1.4* 2.4 ± 2.1 7.4 ± 9.2 15.8 ± 15.3 2.8 ± 1.2 -1.6 ± 0.9 

25 – 26  6.6 ± 0.7#,* 0.0 ± 1.6 -29.0 ± 7.3 -21.2 ± 18.4 2.2 ± 1.3# -2.6 ± 0.5 

26 – 27  6.0 ± 1.1 0.6 ± 1.5 -42.8 ± 7.3 -19.6 ± 11.5 0.0 ± 1.0 -2.6 ± 0.7 

27 – 28  8.8 ± 0.7#,* 1.6 ± 2.2 -26.2 ± 5.8 -20.4 ± 10.7 0.2 ± 1.6 -3.0 ± 0.3 

28 – 32  6.2 ± 0.7 0.6 ± 1.4 -21.8 ± 4.1 -10.6 ± 18.1 -1.0 ± 0.8 -3.0 ± 0.7 

32 – 36  8.4 ± 1.4* 3.8 ± 2.1 21.8 ± 9.2 31.0 ± 23.4 2.2 ± 1.1 -0.6 ± 1.4 

36 – 40  6.2 ± 1.5 3.0 ± 1.5 31.8 ± 6.4 32.4 ± 16.9 2.4 ± 0.9 -0.4 ± 1.0 

40 – 44  5.2 ± 1.2 4.4 ± 2.0 14.0 ± 6.5 23.4 ± 21.2 2.8 ± 0.9 -0.2 ± 1.2 
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3.3.5. Entospletinib  

Entospletinib (n=6) did not cause significant changes in MAP or MAP compared to vehicle 

(n=6) (Figure 29A and 30D, two-way ANOVA). Similarly, HR did not change after entospletinib 

administration (Figure 29B, two-way ANOVA). Even though overall HR was significantly 

different between entospletinib and vehicle, no individual time point was significantly 

different between the groups (Figure 29E, two-way ANOVA (p<0.05), Sídák test for multiple 

comparisons; no significant differences between the groups). PP and PP did not differ 

between the entospletinib group and vehicle group (Figure 29C and 30F, two-way ANOVA). 

All numerical data showing the effect of entospletinib on the cardiovascular variables are 

displayed in Table 7. 
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Figure 29: Cardiovascular effects of entospletinib. Changes in MAP (A), HR (B) and PP (C) of rats dosed with entospletinib 6 mg/kg p.o. (n=6, red, filled circles) and vehicle p.o. (n=6, blue, open 
circles). Data were normalised to baseline recording for each animal individually, presented in (D), (E) and (F). Black triangles on time-axis indicate time of administration of entospletinib or 
vehicle. Data are presented as mean ± SEM, were binned per hour (baseline and first 4 h after dosing) or per 4 h (from 4 h after dosing) and plotted at the time points half-way through the 1 h 

or 4 h interval. A two-way ANOVA test was conducted to test for overall differences between two groups ( = p<0.05), followed by multiple comparison by Sídák to test for differences between 
the groups at each time point (# = p<0.05) Furthermore, if there was a significant change over time within a group (two-way ANOVA), each timepoint of the group was compared to the group’s 
corresponding baseline (T=-0.5 h), by Dunnett, performed on the raw, non-normalised data (* = p<0.05).
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Table 7: Changes in MAP, HR and PP after entospletinib administration. Mean ± SEM changes from baseline (defined 
as T=-0.5 h) from rats dosed with entospletinib (6 mg/kg/day, n=6) or vehicle (10 mL/kg/day, n=6). Data were binned per 
hour (baseline and first 4 h after dosing) or per 4 h (from 4 h after dosing). Blue line indicated dosing via oral gavage. 

Significant changes between treated and vehicle group overall are indicated by  (two-way ANOVA, p<0.05), followed by 
significant changes for each individual timepoint between the groups, indicated by # (Sídák, p<0.05). Significant changes 
within the group from baseline are indicated by * (two-way ANOVA, p<0.05). 

Time  
(h) 

MAP (mean ± SEM) 
(mmHg) 

HR (mean ± SEM)  
(bpm) 

PP (mean ± SEM)  
(mmHg) 

 

Entospletinib Vehicle 
Entospletinib

 
Vehicle Entospletinib Vehicle 

-1 – 0  0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

0 – 1 2.5 ± 1.9 4.0 ± 2.6 18.5 ± 12.4 30.3 ± 11.5 0 ± 0.6 0.7 ± 1.0 

1 – 2  -2.0 ± 2.1 -2.5 ± 1.6 -26.0 ± 12.9 -20.8 ± 10.0 -0.8 ± 1.0 -1.0 ± 0.6 

2 – 3  -4.5 ± 3.0 -4.7 ± 1.7 -38.5 ± 14.5 -33.2 ± 10.1 -2.2 ± 1.4 -2.3 ± 1.3 

3 – 4  -1.7 ± 2.9 -2.5 ± 2.5 -26.3 ± 13.8 -22.5 ± 14.2 -2.3 ± 1.3 -2.2 ± 1.4 

4 – 8  -1.8 ± 2.0 -2.3 ± 1.3 -7.8 ± 11.6 -2.2 ± 8.5 -2.3 ± 0.9 -2.5 ± 0.7 

8 – 12  1.7 ± 1.9 2.2 ± 2.1 28.0 ± 11.0 38.3 ± 10.9 0.7 ± 0.8 0.5 ± 0.8 

12 – 16  1.8 ± 1.9 2.7 ± 2.0 36.8 ± 11.4 44.0 ± 8.5 1.5 ± 0.8 1.8 ± 1.0 

16 – 20  2.8 ± 2.2 2.2 ± 1.6 31.2 ± 16.2 27.2 ± 5.4 2.0 ± 0.8 2.0 ± 0.9 

23 – 24  1.7 ± 1.4 1.2 ± 1.8 7.7 ± 9.6 15.0 ± 8.1 1.8 ± 0.8 0.3 ± 1.0 

24 – 25  3.0 ± 1.4 2.0 ± 1.6 23.3 ± 9.5 24.5 ± 11.8 0.8 ± 0.4 0.7 ± 0.7 

25 – 26  -0.8 ± 1.1 -0.3 ± 1.2 -25.8 ± 9.9 -2.5 ± 5.3 -0.3 ± 0.4 -0.3 ± 1.0 

26 – 27  -1.2 ± 0.7 -2.8 ± 1.5 -28.3 ± 10.3 -28.7 ± 7.8 0. 7 ± 0.6 -1.8 ± 0.9 

27 – 28  -5.5 ± 2.3 0.7 ± 2.2 -39.8 ± 13.8 -8.7 ± 12.0 -4.0 ± 1.2* -1.0 ± 1.3 

28 – 32  -2.0 ± 1.3 1.5 ± 1.2 -13.3 ± 11.2 7.3 ± 12.3 -2.8 ± 0.7 -1.0 ± 0.7 

32 – 36  2.3 ± 1.5 4.33 ± 2.0 32.0 ± 12.1 36.7 ± 9.1 1.0 ± 0.4 1.3 ± 0.9 

36 – 40  3.0 ± 2.0 4.5 ± 2.1 39.8 ± 13.4 47.5 ± 9.7* 1.5 ± 0.6 2.2 ± 1.3 

40 – 44  1.5 ± 2.1 3.7 ± 2.2 14.3 ± 16.0 26.2 ± 6.9 1.8 ± 0.8 2.5 ± 1.2 
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3.3.6. Summary  

A summary of the effects of vardenafil, molsidomine, sunitinib, fostamatinib and 

entospletinib on MAP, HR and PP are shown in Table 8. All changes in the Table were 

significant from the first day of dosing, except the increase in MAP following fostamatinib 

administration, which was significantly different from vehicle only from the second day. 

 

Table 8: Overview of the effects on cardiovascular variables (MAP, HR and PP) of vardenafil, molsidomine, sunitinib, 
fostamatinib and entospletinib. All changes shown were significantly different from vehicle from the first day (p<0.05, two-
way ANOVA), except for the fostamatinib-induced increase in MAP, which was significantly different from vehicle only from 
the second day (D2)  (p<0.05, two-way ANOVA). ‘↑↑’ indicates a large increase in the parameter, ‘↑’ indicates an increase 
in the parameter, ‘↓↓’ indicates a large decrease in the parameter, ‘↓’ indicates a decrease in the parameter, ‘=’ indicates 
parameter was not significantly changed. 

 
Vardenafil Molsidomine Sunitinib Fostamatinib Entospletinib 

MAP ↓↓ ↓↓ ↑↑ ↑ (on D2) = 

HR ↑ ↑↑ = = = 

PP ↓ ↓↓ = = = 

 

Vardenafil and molsidomine caused a decrease in MAP and PP, associated with an increase in 

HR. Sunitinib caused a large increase in MAP and did not affect HR or PP. Fostamatinib caused 

a smaller increase in MAP, that was significant only after dosing on the second day, and did 

not change HR or PP. Lastly, entospletinib did not affect any of the cardiovascular variables 

analysed in this Chapter. 
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3.4. Chapter discussion  

In this Chapter the effect on cardiovascular variables, in particular MAP, HR and PP, after 

administration of vardenafil, molsidomine, sunitinib, fostamatinib and entospletinib was 

investigated, using radiotelemetry in conscious freely moving rats. This Chapter performed 

conventional wave analysis, showing an increase in MAP (significant from the second day) 

following fostamatinib administration, and no changes in the cardiovascular parameters 

following entospletinib administration, and serving as a point of comparison for the next 

Chapters. 

3.4.1. Vasodilators  

Firstly, the effects of two vasodilators were investigated. Both inhibitor’s mechanisms of 

action are displayed in Figure 31. Vardenafil is a PDE-5 inhibitor (Keating & Scott, 2003) and 

therefore, by blocking degradation of cGMP, prolongs NO’s action as smooth muscle cell 

relaxation agent (Ghiadoni et al., 2008). On the other hand, molsidomine is an NO-donor, 

quickly metabolised to release NO, which activates soluble guanylyl cyclase and generates 

cGMP (da Silva et al., 2021; Rosenkranz et al., 1996).  

 

  

Figure 30: Schematic representation of molsidomine and vardenafil’s mechanism of action. 
In vascular smooth muscles cells, nitric oxide (NO) leads to activation of soluble guanylyl cyclase 
(sGC), converting guanosine triphosphate (GTP) to cyclic guanosine monophosphate (cGMP). 
Through further secondary messenger pathways, cGMP induces vasodilation. cGMP is 
degraded to GMP by phosphodiesterase 5 (PDE-V). Molsidomine is a NO-donor, quickly 
metabolised to NO and therefore mimicking its action. Vardenafil is a PDE-V inhibitor, 
prolonging the action of cGMP. Figure created in BioRender.com, adapted from da Silva et al. 
(2021). 
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Vardenafil and molsidomine displayed similar effects on MAP, HR and PP. Administration of 

vardenafil led to an immediate and temporary decrease in MAP. The maximum difference 

between vardenafil and vehicle in MAP was 11.8 mmHg. Molsidomine displayed a similar 

effect, quickly but temporarily decreasing MAP after drug administration. The maximum 

difference between molsidomine and vehicle in MAP was 13.6 mmHg. These decreases in 

MAP were accompanied by a rapid increase in HR. This reflex tachycardia, an increase in HR 

to compensate for the decreased BP, attempting to raise it back to normal levels, has been 

described in the literature for both vardenafil (Fossa et al., 2011) and molsidomine 

(Bergstrand et al., 1984). The reflex tachycardia observed with molsidomine had a larger 

magnitude (maximum difference between vehicle and molsidomine in HR = 135.8 bpm) than 

the one observed with vardenafil (maximum difference between vehicle and vardenafil in 

HR = 92.6 bpm). Similarly, PP decreased quickly after both vardenafil and molsidomine 

administration, and this effect was sustained throughout the day with both compounds. 

Again, the effect was larger with molsidomine (maximum difference in PP = 14.2 mmHg) 

than with vardenafil (maximum difference in PP = 6.2 mmHg). Vasodilators are known to 

decrease PP. As they induce a vasorelaxation, these compounds attenuate wave reflection 

due to an increased vessel compliance (discussed in Chapter 1, section 1.5.1.)  (Avolio et al., 

2009; Schroeder et al., 2019). As a reflected wave augments the SBP of the forward wave, a 

decrease in amplitude of the reflected wave leads a decrease of the overall magnitude of the 

pressure wave, i.e. PP, of the arterial wave (Avolio et al., 2009; S. Laurent et al., 2006; 

Townsend et al., 2015). These alterations on waveform reflection were further investigated 

in Chapter 4, by applying SPAR to the obtained blood pressure waves. 
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3.4.2. Sunitinib 

Secondly, the cardiovascular effects of sunitinib, an RTKI known to induce hypertension in 

patients, were studied. As expected, sunitinib had opposing effects on MAP compared to the 

vasodilators. Sunitinib caused a large and sustained increase in MAP. On the first day, the 

maximum difference between vehicle and sunitinib in MAP was 10.9 mmHg and MAP 

returned to vehicle levels in the last 4 h of the first day. These results are consistent with 

literature reporting a MAP increase of approximately 10 mmHg after administration of 

sunitinib-L-malate 7 mg/kg (Lankhorst et al., 2015). On the second day, a larger increase in 

MAP was observed (maximum difference in MAP = 13.5 mmHg) and this raised pressure 

remained significantly different from vehicle until the end of day 2.  

 

This larger response on the second day is likely linked to the plasma half-life of sunitinib. As a 

rule, after 4 to 5 times the half-life of a compound, 97% of the compound is eliminated and 

plasma concentrations are considered below clinically relevant levels (Hallare & Gerriets, 

2020; Ito, 2011). On the other hand, if the compound is dosed again before the end of this ‘4 

to 5 x half-life window’, the drug will accumulate in the plasma (Hallare & Gerriets, 2020; Ito, 

2011). In the case of sunitinib, this window is around 32 – 40 h, as its half-life is 8 h in rats 

(Speed et al., 2012). Sunitinib was dosed for the second time 24 h after the first 

administration, therefore not all sunitinib administered on the first day was eliminated yet 

and total plasma concentrations were accumulating. In conclusion, the larger response in 

MAP on the second day is most likely due to accumulation of sunitinib in the blood.  
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Furthermore, sunitinib caused a small increase in HR, nonetheless this was not significantly 

different from the vehicle group at any time point. Over time, HR changed significantly from 

baseline within the sunitinib group, however these effects were also found in the vehicle 

group and are probably due to circadian oscillations in HR. Similar observations were made 

by Cooper et al. (2019), assessing the effects of RTKIs in radiotelemetry in rats. Lastly, sunitinib 

caused an increase in PP. This effect only reached significance during the last 4 h of the 

second day (maximum difference in PP = 3.6 mmHg). This increase, although small, indicates 

sunitinib causes a vasoconstriction. As mentioned above, vasodilators decrease PP by 

attenuation of wave reflection. Conversely, vasoconstrictors have the opposite effect on PP, 

as they cause an increase of stiffness of the vessel wall, therefore increase wave reflection 

and the overall magnitude of the pressure wave (PP) (Avolio et al., 2009; S. Laurent et al., 

2006; Townsend et al., 2015). 

 

 

Vardenafil, molsidomine and sunitinib were included in this study as reference compounds, 

as their effect on cardiovascular parameters is quite well established. Although this was not 

the aim of this study, the results discussed above show that the TSE Stellar telemetry set-up 

delivered reproducible data; both the vasodilators and sunitinib induced responses that have 

been reported extensively in literature and were anticipated prior to the start of the study. 
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3.4.3. Syk inhibitors 

Next, the cardiovascular effects of the two Syk inhibitors were investigated in the 

radiotelemetry in rat model. Fostamatinib caused a small increase in MAP. Interestingly, on 

the first day, MAP in the fostamatinib group did not reach levels significantly different from 

vehicle (two-way ANOVA). Only on the second day, MAP reached levels that were significantly 

different from vehicle (two-way ANOVA and Sídák test). The maximum difference in MAP 

between fostamatinib and vehicle was 7.2 mmHg. These results are consistent with literature 

reporting no significant differences in MAP on the first day of twice daily oral dosing with 

fostamatinib 8.5 mg/kg in rats (Lengel et al., 2015) and furthermore coincides with a reported 

increase of approximately 10% in MAP following oral administration of 10 mg/kg and 30 

mg/kg once daily in rats (M. Skinner et al., 2014).  

 

When comparing HR between vehicle- and fostamatinib-treated animals, no significant 

changes were found. In both fostamatinib group and the vehicle group, HR changed over time 

within the group, however as mentioned above this is likely due to circadian oscillations 

rather than a drug effect. Lastly, fostamatinib caused a small increase in PP (maximum 

difference in PP = 4.8 mmHg). Similar to the one observed following sunitinib administration, 

this effect on PP, although small, indicates vasoconstricting actions (Avolio et al., 2009; S. 

Laurent et al., 2006; Townsend et al., 2015). 

 

Previous studies reported rapid conversion of fostamatinib to R406 following oral dosing in 

rats, indicated by maximum plasma concentrations reached within 1 to 2 h after fostamatinib 

administration (Lengel et al., 2015; Pine et al., 2007). Furthermore, no prodrug was detected 

in the plasma, indicating a complete conversion of fostamatinib to R406 (Pine et al., 2007). 

According to the rule of ‘4 – 5 x half-life window’ and given the plasma half-life of R406 is 4.2 

h in rats, plasma concentrations should have returned to levels below clinically relevant 

concentrations after 16.8 – 21 h after dosing. However, given that fostamatinib needs to be 

converted into R406 (1 – 2 h delay as stated above), these two factors add up to a time 

window of close to 23 h, needed for R406 concentrations to attenuate to clinically irrelevant 

levels. Furthermore, the drug formulation used in this study could contribute to the 

accumulating effect as well. Fostamatinib was suspended in a 10% cyclodextrin solution. 
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Cyclodextrins consist of a hydrophobic pocket and hydrophilic outer surface (Feng et al., 2021; 

D. Zheng et al., 2020). They allow for the solution of hydrophobic molecules in a hydrophilic 

vehicle, and are often used to obtain slow release of drug in the gastro-intestinal tract (Feng 

et al., 2021; D. Zheng et al., 2020). Given this formulation was used to dose, fostamatinib was 

potentially released slowly from the cyclodextrins, resulting in lower but more consistent 

plasma concentrations. Overall, it is possible that R406 accumulated in the blood, due to a 

plasma half-life of 4.2 h that was prolonged by slow drug release from the cyclodextrins and 

delayed R406 peak concentrations due to its conversion from fostamatinib. This presents a 

potential explanation for the larger effects in MAP observed on day 2. However, no definite 

statements could be made about R406 plasma concentrations throughout the study as no 

blood samples were taken during this study. Taking regular blood samples would be a useful 

addition in follow-up studies. 

 

As mentioned above, ICH S7A, the current guideline for cardiovascular safety testing, 

recommends monitoring BP and HR after single dose administration (International 

Conference on Harmonisation, 2001). In the present study, if looking at the data from the first 

day alone, no significant changes in MAP or HR would have been detected following 

fostamatinib administration. Only from 3 h after the second dose administration, MAP was 

significantly different between the two groups. Theoretically, when using these routine 

approaches looking at MAP and HR alone after single administration, the subtle fostamatinib-

induced changes could be missed in preclinical studies or considered not relevant. 

Nonetheless clinical trials demonstrated otherwise by now, showing considerable effects on 

cardiovascular parameters after repeated fostamatinib administration (Y. Chen et al., 2021; 

Kunwar et al., 2016).  

 

Another example of such missed cardiovascular effects leading to safety issues and decreases 

in drug development productivity, is presented by torcetrapib (Joy & Hegele, 2008; Tanne, 

2006). This compound is a cholesteryl ester transfer protein inhibitor, increasing HDL levels 

and thus antiatherogenic drug. Although the results from its preclinical trials are not available, 

later in vivo characterisation of the CV effects of this compound showed that torcetrapib 

induced an increase in MAP of 10 – 15 mmHg in both anaesthetised and conscious rats 

(Forrest et al., 2008). Reports from a Phase II clinical trial showed small increases in SBP and 
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DBP (mean 0.9 – 2.2 mmHg) with this compound (McKenney et al., 2006). Nonetheless 

torcetrapib continued to Phase III trials, where larger increases in SBP were found (4.6 – 6.6 

mmHg) (Bots et al., 2007; Nissen et al., 2007). Lastly, ILLUMINATE, a large Phase III clinical 

trial involving over 15 000 patients at high cardiovascular risk, investigated the effects of 

torcetrapib over 12 months (Barter et al., 2007). This trial was prematurely terminated due 

to an increased risk of death and cardiac events associated with torcetrapib (Barter et al., 

2007) and these findings led to the termination of the other ongoing torcetrapib trials and 

the failure of this compound (Joy & Hegele, 2008; Tanne, 2006). Similar examples are the late 

withdrawal of valdecoxib (Atukorala & Hunter, 2013), sibutramine (James et al., 2010), 

pergolide (Zanettini et al., 2007) and tegaserod (Thompson, 2007) from the market, indicating 

that preclinical safety testing could potentially benefit from a more elaborate analysis of the 

BP signal, providing earlier and more sensitive detection of these changes and preventing late 

failure of new drugs. 

 

Lastly, the effect of entospletinib on the cardiovascular variables was assessed. Entospletinib 

did not significantly affect MAP, HR or PP. These results are consistent with the purpose of 

this drug to achieve selective Syk inhibition without the onset cardiovascular toxicity. In this 

study, a lower concentration was used to dose entospletinib (6 mg/kg), compared to 

fostamatinib for example (20 mg/kg). This dose selection might impact on whether 

cardiovascular effects are seen. However, the aim of the study was to represent CV adverse 

drug effects that might occur at plasma concentrations relevant to the clinical applications of 

each drug and the selected doses of both entospletinib and fostamatinib gained this 

objective. 
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3.4.4. Chapter conclusion 

Overall, this Chapter provided an initial screening of the cardiovascular effects of three 

reference compounds (vardenafil, molsidomine and sunitinib) and two Syk inhibitors 

(fostamatinib and entospletinib). Using the conventional approach for preclinical assessment 

of cardiovascular safety, the results in this Chapter indicated that the TSE Stellar telemetry 

system recorded reproducible data, showing anticipated responses to the reference 

compounds and responses to Syk inhibitors that are consistent with literature. Importantly, if 

MAP and HR would have been studied solely after a single dose administration – as 

recommended by ICH S7A – no significant changes would be observed following fostamatinib 

treatment. Only from the second day and after repeated fostamatinib dosing, MAP changed 

significantly from vehicle-treated animals. In-depth wave analysis could potentially perform 

better than conventional analysis in detecting these cardiovascular effects. Therefore, in the 

next Chapter the SPAR method was applied on the waveform data obtained in the telemetry 

studies of this Chapter, to interrogate if in-depth wave analysis could detect any effects that 

were not apparent from the conventional analysis, or detect those effects earlier post drug 

administration than the conventional analysis, for example in the case of fostamatinib. 
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4.1. Chapter introduction 

Preclinical cardiovascular safety pharmacology could benefit from improved assessments 

(Bhatt et al., 2019; Weaver & Valentin, 2019a). The importance of this current gap is 

underscored in reports from the clinical and post-marketing stages of drug development, 

where high attrition rates due to cardiovascular adverse drug reactions are observed (Cook 

et al., 2014; Qureshi et al., 2011). Cardiovascular parameters currently used, such as MAP and 

HR, give important indications of cardiovascular drug effects, however these variables provide 

only limited insight into the complete CV profile of a compound (Mynard et al., 2020; Nandi 

& Aston, 2020). A theoretical example is shown in Figure 31, where two aortic blood pressure 

waves present obvious visual changes that could indicate important differences in cardiac and 

vascular health or disrupted regulatory mechanisms, yet would return similar MAP and HR 

values.  

 

Figure 31: Theoretical examples of blood pressure waves recorded in rats, with (A) displaying little variability and (B) 
displaying high waveform variability. Although the waves are visually different, both have a HR of approximately 320 bpm 
and MAP of approximately 100 mmHg. These reductive parameters can therefore be inadequate to provide a full 
understanding of a compounds effect on the cardiovascular system. 
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In the last decades, novel methods of blood pressure wave analysis, looking beyond MAP, SBP 

or DBP, and HR, have been developed, aiming to detect more subtle changes and providing 

more insight into the mechanisms behind the observed cardiovascular effects (Mynard et al., 

2020; Townsend et al., 2015). As described in Chapter 1 (section 1.5.3.), these novel 

parameters have mostly been explored in clinical settings. For example, Safar et al. (2002) 

showed that PPA is a predictor for CV mortality in end-stage renal disease. Similarly, AIx has 

been described as a strong predictor for severe cardiovascular events (Millasseau et al., 2003; 

Townsend et al., 2015; Weber et al., 2010). Moreover, HRV has been suggested to be a helpful 

marker in diagnosis of neuropathy in diabetes patients (Acharya et al., 2006; Karim et al., 

2011). Besides their application in clinical studies, similar novel wave metrics have been 

explored in preclinical studies. For example, Laurent et al. (2003) showed that vasodilators 

that displayed a similar effect on MAP, affected PPA in different ways in rats. Additionally, 

Chang et al. reported a shortened arterial wave transit time in rats with chronic kidney disease 

or diabetes, compared to healthy animals (R. W. Chang et al., 2017). Altogether, these studies 

indicate that detailed analysis of blood pressure waves beyond MAP may provide further 

insights in disease development or drug effects and could potentially help closing the current 

gap in cardiovascular safety pharmacology.  

 

Despite these promising developments, some important limitations should be considered. 

Firstly, these novel parameters remain reductionist. They extract only one specific component 

of the waveform (e.g. the amplitude of the wave or the position of the dicrotic notch) and, 

like MAP, under-analyse the data (Hametner & Wassertheurer, 2017; Hashimoto & Ito, 2010; 

Nandi et al., 2022). Secondly, the application of these parameters has been hindered by the 

complexity of the mathematical methods needed to derive them from the wave (Nandi et al., 

2022; Sassi et al., 2015). For example, parameters reporting on wave reflection are 

determined by pulse wave separation, a method that needs a simultaneous blood flow or 

blood flow velocity recording for accurate calculation (R. W. Chang et al., 2017; Mynard et al., 

2020). These blood flow measurements are not routinely available in both clinical and 

preclinical settings. Similarly, for the calculation of PPA, blood pressure should be recorded at 

two sites in the vasculature (Avolio et al., 2009; Townsend et al., 2015). Lastly, HRV requires 

complex and often manual data pre-processing to eliminate baseline wander and occasional 
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artifacts (Aston et al., 2014; Sassi et al., 2015). This need for extensive pre-processing of the 

data has hindered its full application (Nandi et al., 2022; Sassi et al., 2015).  

 

 SPAR is a novel way of waveform analysis that overcomes several of these limitations (Aston 

et al., 2018; Nandi et al., 2018, 2022). Firstly, as described in detail in Chapter 1 (section 1.5.5.) 

and Chapter 2 (section 2.3.), one of the main advantages of SPAR is its ability to transform 

lengthy wave traces into compact attractors. The method takes all recorded data into account 

when generating the attractor, and by doing so, is not reducing the analysis of the waveform 

to only one component or fiducial point of the wave (Nandi et al., 2018). As all data are 

utilised, SPAR can detect waveform changes that other reductionist parameters would 

overlook (Aston et al., 2018). Changes in waveform variability are reflected in a change in 

colour of the attractor; blue indicates a high variability wave, red indicates a low variability 

wave (Aston et al., 2018; Nandi et al., 2018). On the other hand, changes in the morphology 

of the wave present as a change in the shape of the attractor (Aston et al., 2018; Nandi et al., 

2018). Additionally, this method does not need an accompanying flow measurement or 

multiple pressure signals for its analysis. Lastly, SPAR removes naturally occurring baseline 

variation by projecting the chaotic 3D structure into a 2D plane (detailed in Chapter 2, section 

2.3.2.2.) (Aston et al., 2014). At the same time, SPAR a robust method; small artifacts in the 

signal won’t affect the analysis significantly (Aston et al., 2014). In summary, SPAR provides a 

novel way of visualising and quantifying physiological wave morphology and variability and 

overcomes several issues that have limited wide application of wave analysis methods until 

now (Aston et al., 2018; Nandi et al., 2018).  
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In this Chapter, SPAR was explored as a toolbox in preclinical safety pharmacology. Indeed, 

the attractor reconstruction of BP waves was studied, using data obtained from 

radiotelemetry in rats discussed in Chapter 3. First, to validate the method for this type of 

data, the effect of reference compounds (vardenafil, molsidomine and sunitinib) on the 

attractors was investigated. Secondly, the effect of novel Syk inhibitors (fostamatinib and 

entospletinib) on the attractors was assessed. In this way, this Chapter aimed to answer the 

following questions: 

• Can SPAR features detect changes in wave morphology and waveform variability in 

blood pressure data recorded using radiotelemetry in rats?  

• How do vasoconstrictors and vasodilators affect the attractors and conversely how do 

attractor features translate to physiologically relevant changes in the cardiovascular 

system? 

• Can SPAR features provide insights in the cardiovascular safety of the Syk inhibitors, 

that were not apparent from MAP, HR or PP analysis in Chapter 3? 
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4.2. Chapter methodology 

4.2.1. Radiotelemetry data recording  

The data analysed in this Chapter were obtained using radiotelemetry in rats, as described in 

Chapter 3 (section 3.2.). BP waves were recorded using the solid-tip BP sensor of the TSE 

Stellar telemetry implant, for 1 h before and up to 22 h after drug administration on two 

consecutive days.  

4.2.2. Data extraction and analysis in SPARKS 

4.2.2.1. Data extraction 

For SPAR analysis, blood pressure data were extracted into Microsoft Excel®, using the 

Notocord-hemTM add-in. This Notocord-hemTM toolbar allowed for efficient reporting of the 

raw data sequences of blood pressure values at 500 Hz into Excel®. 

4.2.2.2. Optimisation  

To obtain optimal analysis of the blood pressure data recorded with radiotelemetry in rats, 

several input parameters of the SPAR algorithm were adjusted, in collaboration with the 

Nandi Lab (King’s College London). Details on how the final input parameters were decided is 

described in Chapter 2, section 2.3.3.2 and further detailed below in section 4.3.1., where the 

optimisation of the parameters is presented. In brief, three sets with pre-determined 

algorithm parameters were available in the SPARKS app. These sets were ‘HumanRF’, 

‘HumanBP’ and ‘MouseBP’, differing in for example what limits of cycle frequency the 

algorithm should use to detect each cycle, what minimum and maximum values are expected 

for the signal, and the units in which the application should display the given signal. The full 

set of input parameters for each pre-defined set are shown in the Appendix (section 8.1.). In 

this thesis, the set of ‘HumanBP’ was used as a starting point and then adapted to 

accommodate optimal analysis of the blood pressure signals from rat.  

 

Firstly, the HR limits were adjusted, from 40 and 180, to 230 and 550 respectively, as these 

cover the expected HR in rats (S. L. Cooper et al., 2019). More details on how these HR limits 

were determined are discussed in section 4.3.1.1. 
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Secondly, nbins_density was adjusted. This parameter determines the numbers of pixels in 

the presentation of the attractor. Essentially, the higher the bins, the smaller the pixels in the 

attractor image, and the lower the bins, the bigger the pixels in the image. This parameter is 

not necessarily linked to the physiology of the wave but relates to the representation 

(brightness) of the attractor. Examples of several nbins_densities and how they affect the 

presentation of attractors are shown below, in section 4.3.1.2. 

 

In this thesis, 1 min windows were extracted per timepoint of interest. As specified below 

(section 4.3.1.3) using longer time windows did not enhance attractor quality but did 

complicate data extraction. The recommended number of cycles per attractor is at least 100, 

to incorporate variability and morphology patterns providing a representative attractor for a 

physiological window. Therefore the 1 min window of BP data (300 – 400 cycles) contained 

sufficient cycles to generate a robust and representative attractor. 
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4.2.2.3. Standard protocol  

Following the optimisation of HR limits, nbins_density and the window length, the following 

standard protocol was followed for SPAR analysis: 

 

1. One min of raw wave numbers were extracted into Excel® using the Notocord-hemTM 

add-in. Per animal, per day, per drug treatment, one window was extracted during the 

baseline recording, followed by one window at 30 min and at 1 h after dosing, and at 

every hour afterwards. 

 

2. The only pre-processing of data that was performed, was removal of non-physiological 

artefacts, meaning non-cyclic data. This was the case when prolonged drop-out of the 

data recording took place, due to the loss of connection between a telemetry implant 

and its receiver outside of the cage. An example of data drop-out is shown in Figure 

34. If this drop-out occurred, the time window was moved backwards or forwards for 

a maximum of 5 min. If the drop-out occurred longer than 5 min, this timepoint was 

discarded and data excluded from further analysis. In this study, approximately 2% of 

the chosen windows was discarded due to drop-out. 

 

3. For each individual 1-min window, the sequence of blood pressure values was saved 

as a .txt file. These .txt files were then loaded into the SPARKS app, the application 

developed by Miquel Serna Pascual (Nandi Lab, King’s College London), facilitating 

streamlined SPAR analysis. 

 

4. For SPAR analysis, the pre-set of parameters of HumanBP was used, with adjusted 

nbins_density and HR limits as described above. For quantitative analysis of the 

attractors, an nbins_density of 250 was set. For visual inspection and presentation of 

the attractors, an nbins_density of 125 was set (as detailed below in section 4.3.1.2., 

this resulted in brighter attractors, simplifying visual comparisons). HR limits were 

adjusted to maximum 550 and minimum 230.  
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5. Next, the attractors were generated in the SPARKS app. One attractor was generated 

per 1 min window. Additionally, from each attractor 49 metrics were taken, to enable 

quantification of attractor changes. 

 

6. For further quantitative analysis, the attractor metrics of interest were imported into 

Prism 9.5.1 (GraphPad Software) and binned in the same way as for MAP, HR and PP 

in Chapter 3; per hour in the first 4 h after dosing, and per 4 h afterwards until the end 

of the day. 
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4.2.3. Statistics  

All data were expressed as mean ± SEM. Statistical analysis was performed in Prism 9.5.1 

(GraphPad Software, San Diego, CA, USA). As there were two categorical, independent 

variables (time and treatment) and one quantitative outcome variable (SPAR metric), a two-

way ANOVA test was performed. This tested (1) if the SPAR metric was significantly different 

over time, (2) if the SPAR metric was significantly different between groups, and (3) if SPAR 

metric was significantly different between groups over time. If the result of the two-way 

ANOVA were significant, multiple comparisons test were performed; a Dunnett test to 

determine within the group at which time points changes from baseline were significant, and 

a Sídák test to determine at which time points changes between the groups were significant. 

Results were considered significant at p < 0.05. 
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4.3. Chapter results: SPAR analysis 

4.3.1. Optimisation of the method for BP waves from radiotelemetry in rats 

4.3.1.1. Optimising the limits for minimum and maximum cycle frequency  

For correct detection of each cycle of the physiological signal, SPARKS needs an estimation of 

the minimum and maximum cycle frequency of the signal. Setting a threshold range supports 

computational efficiency, otherwise the system would systematically assume cycle lengths 

increasing to infinity. For the blood pressure signals used in this thesis, the cycle frequency is 

the HR. Mean HR of healthy rats is generally in the range of 300 bpm up to 400 bpm under 

resting conditions (S. L. Cooper et al., 2019). As some compounds in this thesis increased or 

decreased the HR, a wider range was applied in SPARKS to ensure correct detection of each 

cycle. Multiple combinations of minimum and maximum rate values were tried in SPARKS, 

and limits of 230 bpm and 550 bpm respectively were found to be optimal for this study. If 

the limits were set lower, two consecutive cycles could be detected as one, causing a faulty 

rotation of the attractor and affecting SPAR metrics. An example of this is shown in Figure 32; 

administration of molsidomine induced an increase in HR and when HR limits were set too 

low (e.g. 150 – 400 bpm), SPARKS did not detect each cycle correctly and generated incorrect 

attractors. On the other hand, if the limits were set higher than 230 and 550, SPARKS was 

unable to generate attractors from signals with a low HR.
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Figure 32: Optimising limits for cycle frequency detection. In the upper row, HR limits of 230 – 550 bpm were set. In the lower row, lower HR limits (150 – 400 bpm) were set. The red line 
indicates dosing with molsidomine (10 mg/kg, p.o.). On the left-hand side of the red line is a baseline attractor, on the right-hand side attractors after 1, 2, 3 and 4 h after dosing. Analysis of 
molsidomine in the telemetry study indicated a large increase in HR following molsidomine administration (>100 bpm increase compared to baseline, Chapter 3, section 3.3.2.) The upper row 
shows correct detection of all HR by SPARKS, and correct generation of each attractor. The lower row shows incorrect detection of HR after molsidomine dosing, and associated faulty attractor 
generation, leading to a change in rotation and distribution of data points over the attractor.  
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4.3.1.2. Optimising nbins_density  

Several values for nbins_density were tested to achieve attractors optimal for both visual and 

quantitative analysis. As shown in Figure 33, decreasing the nbins_density increased the 

brightness of the attractor. Less bins (i.e. less pixels) per image, leads to grouping of more 

data points into one pixel and presents a brighter image. For visual evaluation and to present 

the attractors, a nbins_density of 125 was used. However, due to technical limitations of the 

SPARKS at the time of analysis, the application was not able to measure several attractor 

metrics from such attractors. For example, no radial density plot was generated in SPARKS 

from such attractors (Figure 33), therefore radial density metrics could not be calculated. 

Therefore, for quantitative analysis of attractor changes, the default nbins_density of 250 was 

kept. 

 

 

Figure 33: Optimising nbins_density. Attractor and their associated radial density plots are shown, at 250, 200 and 125 
nbins_density. The radial density plot on the bottom row shows how the data are distributed over the attractor. This plot is 
used in SPARKS for the calculation of certain metrics. Decreasing the nbins_density (right-hand side) resulted in a brighter 
image of the attractor, therefore an nbins_density of 125 was used for quantitative analysis of the attractor changes. SPARKS 
was not able to generate radial density plots from such attractors. For this reason, the default nbins_density of 250 was used 
to measure all metrics for quantitative analysis of attractor changes. 
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4.3.1.3. Optimising the window length for one attractor  

To optimise the window length of data per attractor, attractors were generated from 1 min, 

2 min and 5 min blood pressure data (Figure 34). When using data containing prolonged drop-

out of the blood pressure signal (Figure 34D), SPARKS is not able to generate an attractor. A 

shorter period of signal drop-out does not affect the attractor reconstruction (Figure 34C), 

however the longer the window, the higher the chances of selecting a window with signal 

drop-out. When comparing a 1-minute window and 2-minutes window (Figure 34A and 35B), 

the attractors did not visually change. The recommended number of cycles per attractor is at 

least 100, hence 1 min of data contained sufficient cycles (300 – 400) to generate a robust 

and representative attractor. Additionally, the shorter the window, the lower the required 

computational power and the faster the analysis. In conclusion, a 1-minute window was found 

optimal, as it resulted in representative attractors, while keeping the computational power 

low and facilitating easy window selection without signal drop-out. 

 

 

Taking together these optimisation steps, the standard protocol was obtained, as presented 

in section 4.2.2.3.
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Figure 34: Optimising the window length for one attractor. Blood pressure traces (shown in green), selected time windows to generate an attractor (indicated  in blue, 1, 2 and 5 min) and 
associated attractor reconstructions. (A) Using 1 min of blood pressure data, a high-quality attractor was generated. (B) Doubling the data used to generate one attractor did not affect the 
attractor visually, indicating 1 min of data are sufficient to obtain a representative attractor. (C) and (D) display a longer time window, of 5 min, with little or major signal drop-out. SPARKS is 
able to cope with short signal-drop out (C), however it cannot generate an attractor if longer drop-out is present in the signal (D). 
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4.3.2. Qualitative (visual) investigation of attractors  

Following optimisation of the method, the standard protocol as stated in 4.2.2.3 was followed 

to generate all attractors. Firstly, as a validation step, a visual comparison of these attractors 

was carried out. An investigation of visual changes in both attractor colour (reflecting 

waveform variability) and attractor shape (reflecting waveform morphology) was performed 

manually, to explore how these fluctuated throughout the day or altered after drug 

administration. 

4.3.2.1. Waveform variability changes 

Firstly, changes in waveform variability were visually examined. The variability of the signal is 

represented by the heatmap added on the attractor (Aston et al., 2018; Nandi & Aston, 2020). 

The heatmap indicates the density of each pixel in the attractor image. When each cardiac 

pulse is similar to the preceding and following one (i.e. a signal with low waveform variability), 

each pulse will result in a similar loop in the attractor. As many loops of the attractor are 

overlapping in such case, the density of the pixels will be high (red). Conversely, a signal with 

high waveform variability (i.e. each cardiac pulse is morphologically different from the 

preceding and following one), will result in an attractor with few overlapping loops, therefore 

will appear blue (low density in the pixels of the attractor image) (Aston et al., 2018; Nandi & 

Aston, 2020).  

 

In Figure 35, an example of attractors from a vehicle-treated animal are shown (n=1). During 

the hours where the lights were on and animals were usually asleep (6:00 – 18:00, thus before 

dosing until 7 h post dosing, and 19 h post dosing until the end of the day), the attractors 

were comparable to each other and showed clear red arms. On the other hand, during the 

dark half of the day (18:00 – 6:00, thus 7 h post dosing until 19 h post dosing) when animals 

are expected to be awake, attractors were fuzzier and bluer, indicating a higher variability in 

waveforms during the night-time active period. 
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Figure 35: Visual assessment of waveform variability. Attractors of every hour on day 2, generated from 1-minute recordings from an exemplar vehicle-treated animal. Yellow arrows indicate 
the part of the day where the lights were on, grey arrows indicate the part of the day where the lights were off. Attractors during the dark part of the cycle were bluer and fuzzier, indicating an 
increase in waveform variability.



Chapter 4: SPAR analysis from radiotelemetry data 

 159 

4.3.2.2. Morphology changes in the wave 

Secondly, a visual analysis of the changes in attractor shape was performed. Figure 36 shows 

blood pressure waves and corresponding attractors at four selected timepoints of a 

representative vardenafil-treated animal (n=1). After vardenafil administration, the dicrotic 

notch in the downstroke of the pulse disappeared. This change in morphology of the wave 

was reflected in a change in the attractor shape; the red arms of the attractor became smaller 

and overall the attractor changed from triangular shape to a more circular shape.  

 

 

Figure 36: Visual assessment of waveform morphology changes. Waveforms (top row) and corresponding attractors 
(bottom row) of selected time points, generated from 1-minute recordings from an exemplar vardenafil-treated animal. The 
dicrotic notch is indicated by a red arrow in the baseline wave. Administration of vardenafil caused an elimination of the 
dicrotic notch, indicating a decrease in waveform reflection. This change in waveform morphology was noticeable in the 
shape of the attractors; vardenafil caused a decrease in the size of the red attractor arms and increased the attractor opening.  
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4.3.3. Selection of metrics relevant to observed attractor changes 

To quantify changes in waveform variability (attractor colour) and waveform morphology 

(attractor shape), SPAR metrics were taken from each attractor. As mentioned above, 

currently a total of 49 attractor metrics can be calculated, developed on analysis of historical 

data sets, including ECG, by the groups of Nandi and Aston. Some of these metrics were not 

suitable for analysis of the BP data used here. For example, the number of arms of each 

attractor was the same in the entire study therefore this was not an informative metric. 

Moreover, due to technical limitations at the time of analysis, SPARKS was not able to 

calculate some other metrics correctly, e.g. the length of the attractor arms. For these two 

reasons, 13 metrics were excluded in this Chapter. This resulted in 36 metrics that could be 

analysed, displayed in a heatmap in Figure 39. To evaluate the performance of each metric 

for classification of drug-treated or vehicle-treated group, the Receiver Operating 

Characteristic (ROC) value was used. Examples of ROC plots are shown in Figure 38, it presents 

a graphical representation of how well a metric can distinguish the drug-treated animal from 

the vehicle-treated animal. By plotting the true positive rate (Y-axis) against the false positive 

rate (X-axis), the cut-off value can be identified for which an animal is assigned to the drug-

treated or vehicle-treated group. A perfect metric would result in a ROC curve along the top-

left corner, as all treated animals would be identified as treated, and all vehicle animals would 

be identified as vehicle. A metric that does not distinguish well between the groups, displays 

a ROC curve at 45 degrees from the left bottom to the right upper corner, as the metric is not 

able to classify the groups. Thus, the area under the ROC curve (ROC AUC) indicates the overall 

performance of the metric to classify drug-treated versus vehicle treated animals. The closer 

to 1 the ROC AUC, the better the separation between the two groups. ROC AUC values were 

automatically calculated in SPARKS and presented per metric in the heatmap in Figure 39. 

 

To quantify drug-induced changes, metrics were selected based on these ROC AUCs; metrics 

with ROC AUCs closest to 1 over the 5 drug-treated groups compared to their vehicle were 

found most suitable for characterisation of drug-induced waveform changes. Firstly, metrics 

to quantify changes in waveform morphology were chosen. Metrics related to the roundness 

of the attractor (highlighted in purple in Figure 39), in particular maxrdenspos, rspread and 

rQ25, resulted in ROC AUCs closest to 1 over the different drug-treated groups and were 
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therefore selected to quantify morphology changes. How these three metrics are calculated 

and how they relate to changes in attractors and waves are detailed in 4.3.5. Furthermore, to 

enable quantification of waveform variability, one of the three metrics related to the colour 

of the attractor (highlighted in blue in Figure 39) was selected: dspread3. Dspread3 is a metric 

that represents the amount of red colour in an attractor. The redder the attractor, the higher 

dspread3, representing a low variability waveform. The bluer the attractor, the lower 

dspread3, representing a high waveform variability. This is further described in Figure 39 

below (section 4.3.4.). Table 11 displays an overview of all SPAR metrics used in this Chapter. 

 
Interestingly, in the heatmap the more conventional metrics ‘CycleRate’ (i.e. HR) and metrics 

related to PP (e.g. ‘sminPP’, ‘smaxPP’, ‘stdPP’ etc.) resulted in more orange ROC AUCs than 

the SPAR metrics (e.g. rQ metrics mentioned above and dspread3), suggesting that these 

metrics extracted from the attractor were better at distinguishing drug-treated animals from 

vehicle animals, compared to the conventional metrics. 

  

Figure 37: Receiver Operating Characteristic area under the curve (ROC AUC). On the left-hand side of the figure, data 
distribution plots are shown, with vehicle animals displayed in blue, and fostamatinib-treated animals in red. Cycles rates 
(i.e. HR, upper row) were overlapping between the two groups, while rspread (a metric related to the roundness of the 
attractor, lower row) was increased in the fostamatinib-group. On the right-hand side, corresponding ROC plots are shown. 
Indeed, cycle rate resulted in a diagonal ROC curve, indicating a mediocre classification of true fostamatinib-treated 
animals when using this metric (ROC AUC 0.56). On the other hand, the rspread ROC curve moved closer to the upper left 
corner of the plot, indicating a better identification of fostamatinib- and vehicle-treated animals based on this metric (ROC 
AUC 0.79). TPR; true positive rates, FPR; false positive rates. 
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  Figure 38: Heatmap of ROC AUC values to select attractor metrics for quantifying waveform changes. (A) All 36 attractor metrics 

are listed with their ROC AUC value, per drug compared to its corresponding vehicle. The higher the ROC AUC (red in the heatmap), 
the better the metric can distinguish drug-treated animals from vehicle-treated animals. The lower the ROC AUC (yellow in 
heatmap), the more overlapping the metric is between the drug-treated and vehicle-treated group. Overall, metrics related to the 
roundness (or opening) of the attractor (highlighted in purple) were best at discriminating the attractors from drug-treated 
animals from those from vehicle-treated animals. (B) The mean ROC AUCs across all drug-treated groups per attractor metric. 
Attractor metrics related to waveform variability are highlighted in blue. Dspread3 had the ROC AUC closest to 1 and was therefore 
selected for further quantification of waveform variability changes. 



Chapter 4: SPAR analysis from radiotelemetry data 

 163 

4.3.4. Quantification of waveform variability 

Following selection of SPAR metrics suitable to analyse attractor changes in this study, 

waveform variability changes throughout the day were quantified using dpsread3. As 

described above (section 4.3.2.1) and presented below in Figure 39, during the daytime, red 

attractors were observed and during the night-time, blue attractors were observed. 

Subsequently, higher dspread3 values were measured during the phase of the day where the 

lights were on (as described above indicating low variability), and lower dspread3 values were 

measured during the phase of the day where the lights were off (as described above, 

indicating high variability) (Figure 39, vehicle-treated animals). 

 

Next, the effects of the 5 compounds on dspread3 tested in the radiotelemetry study (Chapter 

3) were assessed (Figure 40). The two vasodilators, vardenafil (Figure 40B) and molsidomine 

(Figure 40C), increased dspread3 significantly compared to vehicle (indicating redder 

attractor, two-way ANOVA, p<0.05). Vardenafil only changed dspread3 significantly on the 

first day, on the second day there was no significant difference from vehicle. The maximum 

effect was observed on the first day, at 11 – 12 h after vardenafil dosing. Molsidomine 

increased dspread3 significantly from vehicle on both days. Again, the maximum effect was 

observed 11 – 12 h after dosing. Sunitinib (Figure 40D) did not significantly affect dspread3 

over the two days monitored. Fostamatinib (Figure 40E) decreased dspread3 significantly 

from baseline within the group (indicating bluer attractor, two-way ANOVA p<0.05, Dunnett’s 

multiple comparisons test within group from baseline p<0.05), however this was not 

significantly different from the vehicle-treated group. Entospletinib did not significantly affect 

dspread3 overall (Figure 40F).
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Figure 39: Dspread3 to quantify waveform variability changes throughout the day. Dspread3 represents the amount of red in the attractor. The redder the attractor, the higher dspread3, the 
bluer the attractor, the lower dpsread3. Top attractor is an example of an attractor generated from a 1-minute recording during the lights-on half of the day, when the animals are expected to 
be asleep. These attractors were usually defined and had clear red arms, representing a low waveform variability, and therefore have a high dspread3. The bottom attractor is an example of an 
attractor generated from a 1-minute recording during the lights-off half of the day, when the animals are expected to be awake. These attractors are usually less well defined and bluer, 
representing a higher waveform variability, and therefore have a lower dspread3. The graph on the right-hand side shows dspread3 changes throughout the day of vehicle-treated animals (n=6, 
data are presented as mean ± SEM and were binned per two h). Grey bars indicate light-off half of the day. Dspread3 decreases during the light-off half of the day (not significant, One-way 
ANOVA, p>0.05). This graph confirms an increase in waveform variability when the animals are awake. 
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Figure 40: Changes in dspread3 in drug-treated groups. Vehicle-treated groups are presented in blue, open circles. Drug-treated groups are presented in red, filled circles. Grey bars indicate 
light-off half of the day, black triangles on time-axis indicate time of administration of drug or vehicle. Data are presented as mean ± SEM and were binned per two h. (A) Changes in dspread3 
in vehicle-treated group (10 mL/kg, p.o., n=6). (B) Vardenafil (10 mg/kg, p.o., n=6) caused an increase in dspread3 on the first day. (C) Molsidomine (10 mg/kg p.o., n=5) caused an increase in 
dspread3 that sustained over the two days. (D) Sunitinib (7 mg/kg, p.o., n=6) did not affect dspread3. (E) Fostamatinib (20 mg/kg, p.o., n=5) caused a decrease in dspread3 within the group from 
baseline, however this was not significantly different from vehicle. (F) Entospletinib (6 mg/kg, p.o., n=6) did not significantly change dspread3. Statistical tests: a two-way ANOVA test was 

conducted to test for overall differences between two groups ( = p<0.05), followed by multiple comparison by Sídák to test for differences between the groups at each time point (# = p<0.05) 
Furthermore, if there was a significant change over time within a group (two-way ANOVA), each timepoint of the group was compared to the group’s corresponding baseline (T=-0.5 h), by 
Dunnett test (* = p<0.05).
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4.3.5. Quantification of waveform morphology changes 

As described above (section 4.3.3.), three attractor metrics were selected to quantify 

morphology changes: rQ25, maxrdenspos and rspread. The section below shows the effects 

of the five tested compounds on these metrics. Additionally, the metrics normalised to 

baseline value for each animal are presented, as each animal had its own distinct attractor 

before dosing on the first day. 

 

4.3.5.1. Vardenafil 

Figure 41 shows an example of how vardenafil affected the wave, attractor, radial density plot 

and metrics (n=1). In SPARKS, from each attractor, a radial density plot is extracted. These 

plots are generated via a growing circle that measures the density over the attractor. The 

centre of the circle is 0 units on the x-axis of the radial density plot. As the diameter of the 

circle grows, the density values are recorded and reported on the y-axis of the radial density 

plot. Essentially this plot represents how the data points are radially distributed over the 

attractor. The metrics rQ25, rspread and maxrdenspos can be measured from this plot. rQ25 

represents at which radial position 25% of the data is captured (blue arrow in Figure 41). If 

the data are concentrated in the outer edges of the attractor, rQ25 is high. If the data points 

are coming more towards the inside of the attractor (e.g. after vardenafil dosing), the rQ25 

decreases. Similarly, maxrdenspos indicated at which radial position the maximum density 

can be found (pink arrow in Figure 41). If the highest density is found at the outer edges of 

the attractor, maxrdenspos is high. If the highest density is closer to the centre of the 

attractor, maxrdenspos decreases. Lastly, rspread represents at which radial density 99% of 

the data is captured, thus indicates how the data in the outer edges of the attractor are 

distributed (green arrow in Figure 41). The physiological relevance of these metrics is 

interpreted and discussed later in this Chapter (Section 4.4.2.2., Table 11). As shown in Figure 

41, vardenafil decreased rQ25, maxrdenspos and rspread. This was the result of a change in 

distribution of the data over the attractor; vardenafil caused the high-density arms to come 

more towards the middle of the triangle and spread the data more evenly over the attractor. 

As discussed below (section 4.4.2.2., Table 11), this was associated with a decrease in wave 

reflection.  
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It's important to mention that these metrics are inevitably affected by a change in attractor 

size, and therefore by a change in PP (Nandi et al., 2018). For example, vardenafil decreases 

PP (Chapter 3, section 3.3.1.). This was indeed reflected in a decrease in size of the attractors, 

and subsequently a decrease in radial density measures. In Figure 41 for example, the top 

attractor has a size of approximately 37 units in the radial density plot, and its rspread is 36,32. 

The bottom attractor has a size of approximately 29 units, so automatically its rspread will be 

lower (in this case 28,78). To circumvent this issue and make sure metrics were comparable 

between different sized attractors, each metric was normalised to its own attractor size. In 

this way, reported changes in rQ25, maxrdenspos and rspread were a result of changes in the 

radial distribution of the data in the attractor, rather than changes in PP. This normalisation 

step was available in SPARKS and was done in a window-by-window basis. Before the metrics 

were computed, the waveform itself was normalised to its Euclidean norm (a common 

mathematical algorithm for normalisation, defined as the square root of the inner product of 

a vector with itself). This produced equally sized attractors for each window, whose radial 

metrics were comparable.   

 

Importantly, data were normalised in a second way; to the baseline recording on the first day. 

Each animal had its unique BP wave morphology and thus attractor at the beginning of each 

study, therefore each attractor metric was normalised to its value at baseline recording on 

the first day. This allowed for informative reporting of changes of the metric in each group of 

animals.  

 

In summary, SPAR metrics were normalised in two ways. Firstly, the metrics were normalised 

to size (represented in panel A, B and C of Figures 43, 45, 46, 48 and 49) to ensure metrics 

indicated relative changes in data distribution, rather than changes dependent on drug-

induced PP changes. Secondly, data were normalised to their baseline recording value, to 

account for inter-animal variability. metrics presented in panel D, E and F of Figures 43, 45, 

46, 48 and 49 are normalised both to size and to baseline. The radial density plots in this thesis 

are shown in absolute units (not normalised to size). The sole purpose of these figures was to 

illustrate how the metrics were taken and how drug-induced attractor changes were related 

to changes in the radial density plots.  
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Figure 42 shows the effects of the vardenafil-treated animals, compared to vehicle-treated 

animals (n=6). Vardenafil did not cause a significant change in rQ25 (Figure 42A), 

maxrdenspos (Figure 42B) or rspread (Figure 42C) if the data were not normalised to their 

baseline recording. When normalising each animal to its individual baseline metric, vardenafil 

decreased all three metrics (Figure 42D, E and F). rQ25 decreased significantly from the first 

day (two-way ANOVA, p<0.05), with the maximum effect reached 4 – 8 h after dosing on the 

first day. Similarly, maxrdenspos was decreased significantly from day 1 (two-way ANOVA, 

p<0.05), maximum effect observed within the first hour after dosing on the second day. Lastly, 

also rspread was decreased after vardenafil administration from the first day (two-way 

ANOVA, p<0.05), with the maximum effect observed on the first day, 12 – 16 h after dosing. 

As discussed below (section 4.4.2.2. Table 11), these changes of these metrics were typically 

associated with a decrease in wave reflection.
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Figure 41: Effects of vardenafil of the waveform, attractor, radial density plot and attractor metrics (n=1). The top row is generated from a blood pressure recording before dosing, the 
bottom row is generated from a blood pressure recording 2 h after vardenafil dosing. The data shown here are a representative example of changes observed in vardenafil-treated animals. 
Changes in blood pressure waves were reflected in a change in attractors; after vardenafil administration, the red arms of the attractor were increased in size. On the right-hand side of the 
attractors, corresponding radial density plots are shown (with x-axis representing radius units of growing concentric circle, y-axis indicating density values). These plots are generated via a 
growing circle over the attractor density. The centre of the circle is 0 on the x-axis of the radial density plot. As the diameter of the circle grows, the density values are recorded and reported on 
the y-axis of the radial density plot. Essentially the radial density plot represents how the data points are radially distributed over the attractor. From the radial density plots shown in this 
figure, it is apparent that vardenafil decreased the size of the attractor and shifted the distribution of the data to the inside of the attractor. From this radial density plot, the three metrics 
discussed above are extracted. rQ25 represents at which growing circle 25% is captured (blue arrow), rspread represents at which growing circle 99% is captured (green arrow), and 
maxrdenspos indicated at which radial position the maximum density can be found (pink arrow). Vardenafil decreased all three metrics. 
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Figure 42: Vardenafil-induced changes of the attractor metrics. Changes in rQ25 (A), maxrdenspos (B) and rspread (C) (normalised to attractor size only) of rats dosed with vardenafil 10 mg/kg 
p.o. (n=6, red, filled circles) and vehicle p.o. (n=6, blue, open circles). Data normalised additionally to baseline recording for each animal individually, are presented in (D), (E) and (F). Black 
triangles on time-axis indicate time of administration of vardenafil or vehicle. Data are presented as mean ± SEM and were binned per hour (baseline and first 4 h after dosing) or per 4 h (from 

4 h after dosing). A two-way ANOVA test was conducted to test for overall differences between two groups ( = p<0.05), followed by multiple comparison by Sídák to test for differences between 
the groups at each time point (# = p<0.05) Furthermore, if there was a significant change over time within a group (two-way ANOVA), each timepoint of the group was compared to the group’s 
corresponding baseline (T=-0.5 h), by Dunnett test (* = p<0.05).
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4.3.5.2. Molsidomine 

Similarly as vardenafil, molsidomine caused a inwards shift of the high density arms of the 

attractor. An example of this effect is shown in Figure 43 (n=1); at 3 h after molsidomine 

dosing the red arms were redistributed towards the centre of the attractor. This change in 

attractor data spread resulted in a large decrease in rQ25 and maxrdenspos. Rspread was not 

affected majorly in this example, however as mentioned above these metrics should be 

normalised to their attractor size. These plots were only included to demonstrate examples 

of drug-induced changes in the attractor shape and how metrics were taken, not to indicate 

quantitative drug-effects. The normalised-to-size and normalised-to-size-and-baseline 

metrics are presented in Figure 44 (n=5). 

 

Molsidomine decreased rQ25 (Figure 44A), maxrdenspos (Figure 44B) and rspread (Figure 

44C) significantly. When normalising the metric to the baseline recording values, rQ25 

(Figure 44D) and maxrdenspos (Figure 44E) were significantly decreased from the first day 

of dosing (two-way ANOVA, p<0.05). The maximum effect on rQ25 was observed 8 – 12 h 

after dosing on the first day. The maximum effect on maxrdenspos was observed 2 h after 

dosing on the second day (Sídák test, p<0.05). These changes indicated the attractor closed 

following molsidomine administration, and as discussed below (section 4.4.2.2., Table 11) 

were typically associated with a decrease in wave reflection. Interestingly, when normalised 

to baseline, rspread significantly increased from the first day of molsidomine dosing, 

compared to vehicle (Figure 44F, two-way ANOVA, p<0.05), with the maximum effect seen 4 

– 8 h after dosing (Sídák test, p<0.05). 
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Figure 43: Effects of molsidomine of the waveform, attractor, radial density plot and attractor metrics. The top row is generated from a blood pressure recording before dosing, the bottom 
row is generated from a blood pressure recording 3 h after molsidomine dosing. The data shown here are a representative example of changes observed in molsidomine-treated animals. 
Changes in blood pressure waves were reflected in a change in attractors; after molsidomine administration, the red arms of the attractor were larger and spread towards the centre of the 
attractor. On the right-hand side of the attractors, corresponding radial density plots are shown. From the radial density plots shown in this figure, it is apparent that molsidomine shifts the 
distribution of the data to the inside of the attractor, resulting in a decrease in rQ25 (blue arrow) and maxrdenspos (pink arrow). 
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Figure 44: Molsidomine-induced changes of the attractor metrics. Changes in rQ25 (A), maxrdenspos (B) and rspread (C) (normalised to attractor size only) of rats dosed with molsidomine 10 
mg/kg p.o. (n=5, red, filled circles) and vehicle p.o. (n=5, blue, open circles). Data normalised additionally to baseline recording for each animal individually, are presented in (D), (E) and (F). Black 
triangles on time-axis indicate time of administration of vardenafil or vehicle. Data are presented as mean ± SEM and were binned per hour (baseline and first 4 h after dosing) or per 4 h (from 

4 h after dosing). A two-way ANOVA test was conducted to test for overall differences between two groups ( = p<0.05), followed by multiple comparison by Sídák to test for differences between 
the groups at each time point (# = p<0.05) Furthermore, if there was a significant change over time within a group (two-way ANOVA), each timepoint of the group was compared to the group’s 
corresponding baseline (T=-0.5 h), by Dunnett test (* = p<0.05).
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4.3.5.3. Sunitinib 

Sunitinib (n=6) caused in small decrease in rQ25 (Figure 45A) and rQ25 (Figure 45B), 

however this effect was only significant from the second day (two-way ANOVA, p<0.05). 

Maxrdenspos (Figure 45B) and rspread (Figure 45C) were slightly decreased as well, both 

significantly different from vehicle from the first day of sunitinib administration (two-way 

ANOVA, p<0.05). These effects were lost when the latter two metrics were normalised to the 

baseline recording (maxrdenspos, Figure 45E, and rspread, Figure 45F). Overall, SPAR 

detected little changes following sunitinib administration.
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Figure 45: Sunitinib-induced changes of the attractor metrics. Changes in rQ25 (A), maxrdenspos (B) and rspread (C) (normalised to attractor size only) of rats dosed with sunitinib 7 mg/kg 
p.o. (n=6, red, filled circles) and vehicle p.o. (n=6, blue, open circles). Data normalised additionally to baseline recording for each animal individually, are presented in (D), (E) and (F). Black 
triangles on time-axis indicate time of administration of vardenafil or vehicle. Data are presented as mean ± SEM and were binned per hour (baseline and first 4 h after dosing) or per 4 h (from 

4 h after dosing). A two-way ANOVA test was conducted to test for overall differences between two groups ( = p<0.05), followed by multiple comparison by Sídák to test for differences 
between the groups at each time point (# = p<0.05) Furthermore, if there was a significant change over time within a group (two-way ANOVA), each timepoint of the group was compared to 
the group’s corresponding baseline (T=-0.5 h), by Dunnett test (* = p<0.05).
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4.3.5.4. Fostamatinib  

Figure 46 shows an example of how fostamatinib affected the waveform, attractor, radial 

density plot and associated measures (n=1). Fostamatinib caused a shortening of the red 

attractor arms, towards the outer edge of the attractor. From the radial density plot, an 

increase in rQ25 and maxrdenspos was measured. Equally, rspread increased, following an 

increase in attractor size due to an increase PP of the wave. To ensure changes in these 

metrics were due to changes in attractor shape, rather than solely due to PP changes, each 

metric was then normalised to the size of its attractor. The normalised-to-size and 

normalised-to-size-and-baseline metrics are presented in Figure 47 (n=5). 

 

Administration of fostamatinib resulted in a small decrease in rQ25 (Figure 47A), 

maxrdenspos (Figure 47B) and rspread (Figure 47C), significantly different from vehicle from 

the first day (two-way ANOVA, p<0.05). When the metrics were normalised to baseline, 

fostamatinib had the opposite effect; the metrics increased following fostamatinib dosing. 

rQ25 increased significantly from the first day (Figure 47D, two-way ANOVA, p<0.05), with 

the maximum effect observed at baseline recording on the second day (T=23.5 h, Sídák test, 

p<0.05). maxrdenspos was significantly increased from the first day as well (Figure 47E, two-

way ANOVA, p< 0.005), with the maximum response observed at 12 – 16 h on the first day of 

dosing. Lastly, rspread was increased significantly from the first day of fostamatinib dosing 

(Figure 47F, two-way ANOVA, p<0.05). The maximum difference between fostamatinib and 

vehicle was observed at baseline recording on the second day (T=23.5 h, Sídák test, p<0.05). 

In general, for all three metrics, the effects of fostamatinib were larger in the second half of 

each day (12 – 24 h and 36 – 46 h) than immediately after dosing.
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Figure 46: Effects of fostamatinib of the waveform, attractor, radial density plot and attractor metrics. The top row is generated from a blood pressure recording before dosing, the bottom 
row is generated from a blood pressure recording 14 h after fostamatinib dosing. The data shown here are a representative example of changes observed in fostamatinib-treated animals. 
Following fostamatinib administration, the red arms of the attractor were smaller compared to baseline. On the right-hand side of the attractors, corresponding radial density plots are shown. 
From the radial density plots shown in this figure, it is apparent that fostamatinib increased the size of the attractor and shifter the distribution of the data to the outside of the attractor, 
associated with an increase in rQ25, maxrdenspos and rspread.  
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Figure 47: Fostamatinib-induced changes of the attractor metrics. Changes in rQ25 (A), maxrdenspos (B) and rspread (C) (normalised to attractor size only) of rats dosed with fostamatinib 20 
mg/kg p.o. (n=5, red, filled circles) and vehicle p.o. (n=5, blue, open circles). Data normalised additionally to baseline recording for each animal individually, are presented in (D), (E) and (F). Black 
triangles on time-axis indicate time of administration of vardenafil or vehicle. Data are presented as mean ± SEM and were binned per hour (baseline and first 4 h after dosing) or per 4 h (from 

4 h after dosing). A two-way ANOVA test was conducted to test for overall differences between two groups ( = p<0.05), followed by multiple comparison by Sídák to test for differences between 
the groups at each time point (# = p<0.05) Furthermore, if there was a significant change over time within a group (two-way ANOVA), each timepoint of the group was compared to the group’s 
corresponding baseline (T=-0.5 h), by Dunnett test (* = p<0.05).
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4.3.5.5. Entospletinib  

Entospletinib (n=5) did not affect rQ25, maxrdenspos or rspread significantly (Figure 48A, 49B 

and 49C). When the metrics were normalised to baseline recordings, rQ25 (Figure 48D) and 

rspread (Figure 48F) increased.  rQ25 in the entospletinib group changed significantly from 

vehicle on the first day (two-way ANOVA, p<0.05), with the largest increase observed at 2 – 3 

h after dosing on the second day (Sídák test, p<0.05). Similarly, rspread was significantly 

different in the entospletinib group compared to the vehicle group, from the first day (two-

way ANOVA, p<0.05). The maximum difference in rspread between entospletinib and 

vehicle was at 2 – 3 h after dosing on the second day. Overall, both rQ25 and rspread 

changed rapidly after dosing and these effects sustained throughout the day. Entospletinib 

did not significantly change maxrdenspos (Figure 48E, two-way ANOVA, p>0.05).
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Figure 48: Entospletinib-induced changes of the attractor metrics. Changes in rQ25 (A), maxrdenspos (B) and rspread (C) (normalised to attractor size only) of rats dosed with entospletinib 6 
mg/kg p.o. (n=5, red, filled circles) and vehicle p.o. (n=5, blue, open circles). Data normalised additionally to baseline recording for each animal individually, are presented in (D), (E) and (F). Black 
triangles on time-axis indicate time of administration of vardenafil or vehicle. Data are presented as mean ± SEM and were binned per hour (baseline and first 4 h after dosing) or per 4 h (from 

4 h after dosing). A two-way ANOVA test was conducted to test for overall differences between two groups ( = p<0.05), followed by multiple comparison by Sídák to test for differences between 
the groups at each time point (# = p<0.05) Furthermore, if there was a significant change over time within a group (two-way ANOVA), each timepoint of the group was compared to the group’s 
corresponding baseline (T=-0.5 h), by Dunnett test (* = p<0.05).
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4.3.6. Summary  

A summary of the effects of vardenafil (Figure 42), molsidomine (Figure 44), sunitinib (Figure 

45), fostamatinib (Figure 47) and entospletinib (Figure 48) on attractor metrics are shown in 

Table 9. The normalised-to-baseline attractors metrics are displayed Table 10. All changes 

shown in the tables were significant from the first day of drug administration, except the 

sunitinib-induced rQ25 decrease and rQ25 decrease, which were significantly different from 

vehicle only from the second day of the study. A similar table for conventional parameters 

MAP, HR and PP can be found in Chapter 3, section 3.3.6. 

 

Table 9: Overview of the effects on attractor metrics (dspread3, rQ25, maxrdenspos and rspread) of vardenafil, 
molsidomine, sunitinib, fostamatinib and entospletinib. All changes shown were significantly different from vehicle from the 
first day (p<0.05, two-way ANOVA), except for the sunitinib-induced decrease in rQ25 which was significantly different from 
vehicle only from the second day (D2). ‘↑↑’ indicates a large increase in the metric, ‘↑’ indicates an increase in the metric, 
‘↓↓’ indicates a large decrease in the metric, ‘↓’ indicates a decrease in the metric, ‘=’ indicates metric was not significantly 
changed. 

 
Vardenafil Molsidomine Sunitinib Fostamatinib Entospletinib 

dspread3 ↑ ↑ = = = 

rQ25 = ↓↓ ↓ (on D2) ↓ = 

maxrdenspos = ↓↓ ↓ ↓ = 

rspread = ↓↓ ↓ ↓ = 

 

Table 10: Overview of the effects on normalised attractor morphology metrics (rQ25, maxrdenspos and rspread) of 
vardenafil, molsidomine, sunitinib, fostamatinib and entospletinib. All changes shown were significantly different from 

vehicle from the first day (p<0.05, two-way ANOVA), except for the sunitinib-induced decrease in rQ25, which was 
significantly different from vehicle only from the second day (D2). ‘↑↑’ indicates a large increase in the metric, ‘↑’ indicates 
an increase in the metric, ‘↓↓’ indicates a large decrease in the metric, ‘↓’ indicates a decrease in the metric, ‘=’ indicates 
metric was not significantly changed. 

 
Vardenafil Molsidomine Sunitinib Fostamatinib Entospletinib 

rQ25 ↓ ↓ ↓ (on D2) ↑ ↑ 

maxrdenspos ↓ ↓↓ = ↑ = 

rspread ↓ ↑ = ↑↑ ↑ 
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As mentioned above (section 4.3.5.1.), attractors were normalised in two ways for 

quantitative analysis; once to size and once to baseline. This allowed for more representative 

reporting of changes of the metric and the discussion of the waveform morphology changes 

below is focussed on these metrics normalised to both size and baseline (metrics). The two 

vasodilators vardenafil and molsidomine decreased rQ25 and maxrdenspos. They had an 

opposing effect on rspread; vardenafil decreased rspread while molsidomine increased 

rspread. Sunitinib did not affect maxrdenspos or rspread, and rQ25 was decreased 

significantly only after the second administration of sunitinib. Fostamatinib increased all three 

normalised attractor metrics. Lastly, entospletinib did not affect maxrdenspos but did 

increase rQ25 and rspread.   
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4.4. Chapter discussion  

In this Chapter, the application of a novel method for physiological wave analysis, SPAR, was 

explored using the blood pressure data obtained with radiotelemetry in rats, discussed in 

Chapter 3. The main aim of this Chapter was to optimise and validate the method for 

application on rat blood pressure data, and subsequently, utilise the method for in-depth 

analysis of the Syk-inhibitors’ effect on the blood pressure wave. 

4.4.1. Optimisation of the methods 

To ensure optimal analysis of the blood pressure waves from rats, several parameters of the 

SPAR algorithm were adjusted. As a starting point for algorithm input parameters, the set of 

‘HumanBP’ was used, however this set was optimised for analysis of human blood pressure 

data. To adjust these parameters for pressure data from rats, firstly, the minimum expected 

HR was increased from 40 to 230, and the maximum expected HR was increased from 180 to 

550. Next, for qualitative, visual analysis of the attractors, the nbins_density was decreased 

from 250 to 125, as this generated brighter attractors, facilitating easier visual assessment of 

the attractor changes. Furthermore, a 1 min window of data was found to be the optimal 

length to generate an attractor; this window contained sufficient data (> 100 cycles) to 

generate a representative attractor and allowed for easy window selection without signal 

drop-out while keeping the required computational power low. These optimisation steps led 

to the standard protocol of SPAR analysis used in this Chapter. 

4.4.2. Validation of the method  

Next, to validate the use of SPAR on blood pressure data recorded with radiotelemetry in rats, 

the changes attractor colour and attractor shape were examined after administration of 

vehicle or reference compounds, to assess whether they exhibited the expected changes in 

waveform variability and waveform morphology respectively.  
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4.4.2.1. Waveform variability changes 

Firstly, the changes in waveform variability were studied. Waveform variability changes are 

reflected in the attractor colour (Aston et al., 2018; Nandi & Aston, 2020). As rats are 

nocturnal animals, they are expected to be awake when the lights are off (‘night-time’) and 

display more active behaviour (Stephan & Zucker, 1972). This would result in higher waveform 

variability. Conversely, during the half of the day where the lights are on (‘daytime’), the 

animals are expected to be asleep and less active (Stephan & Zucker, 1972), thus show lower 

waveform variability. To confirm if SPAR could detect these variability fluctuations, attractors 

from vehicle-treated animals were examined (Figure 35). Indeed, more blue attractors were 

observed in the night-time (7 – 19 h after dosing), indicating higher waveform variability in 

the pressure signal, than during the daytime. This observation was quantified by dspread3 

changes (Figure 39). Dspread3 did decrease during the night-time, again confirming an 

increase in waveform variability, compared to day-time recordings. These changes were not 

significant, however following the circadian rhythm fluctuations was not the primary purpose 

of the study. Animals were visited at multiple occasions during the day for drug administration 

and welfare checks. These disruptions inherently influenced their circadian rhythm. 

Nonetheless, the reported dspread3 changes indicated that SPAR is able to detect changes in 

waveform variability of the rat blood pressure data and presented confirmation that the SPAR 

method is suitable to map physiological changes. 

 

Interestingly, HRV is reported to increase during night-time in humans (Sammito et al., 2016). 

However so far, findings on variability changes following the circadian rhythm are 

contradictory (Honkalampi et al., 2021). Furthermore, it is important to mention that HRV and 

SPAR detect different aspects of wave variability. HRV reports how the HR varies, reducing 

the pulse wave to one metric (peak-to-peak interval changes) (Honkalampi et al., 2021). SPAR 

however reports on the variability in the wave morphology. Theoretically, HRV and SPAR 

could fluctuate differently throughout the day, especially in different species.  
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Sunitinib did not affect dspread3. The two vasodilators, vardenafil and molsidomine, caused 

an increase in dspread3 (Figure 40), indicating a decrease in waveform variability. Potentially 

this effect was observed because vardenafil and molsidomine caused large decreases in MAP 

and therefore would decrease the blood supply to vital organs. In response, several 

autoregulatory mechanisms are activated to maintain a constant blood supply (Carlström et 

al., 2015; Post & Vincent, 2018). One example is the baroreflex, resulting in a rapid increase 

in the HR in response to the drop in BP (DeMers & Wachs, 2019), as was indeed observed 

with both vasodilators in Chapter 3 (section 3.3.1. and 3.3.2.). Other autoregulatory 

mechanisms involve the myogenic and tubuloglomerular feedback pathways and the renin-

angiotensin-aldosterone system (Carlström et al., 2015; DeMers & Wachs, 2019; Post & 

Vincent, 2018). These autoregulatory changes aim to control the blood flow to the kidney and 

other organs, therefore permit little changes in the blood pressure wave. Altogether, the 

activation of such regulating mechanisms could lead to a controlled cardiovascular system, 

resulting in a sequence of nearly identical waves and a reduction in waveform variability.  

 

On the other hand, the observed decrease in waveform variability by the vasodilators could 

be indicating that these compounds compromise the ability of the cardiovascular system to 

adapt to changing circumstances, resulting in little wave variation, as no regulating 

mechanisms were affecting the wave. This hypothesis would be supported by literature 

reporting a high wave variability (reported as HRV) in subjects with a good cardiovascular 

health (Dong, 2016; McNarry & Lewis, 2012), and decreased variability with age or 

occupational stress (thus indicating impaired autoregulation) (Järvelin-Pasanen et al., 2019; 

Nunan et al., 2010; Van Ravenswaaij-Arts et al., 1993). However, given that these experiments 

were performed in healthy adult rats, it is unlikely that the vasodilators impaired the 

cardiovascular system in such way that all autoregulatory mechanisms would be 

compromised, therefore the first reasoning is more likely the cause of the observed variability 

decrease. 
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4.4.2.2. Waveform morphology changes 

Secondly, the effects of wave morphology changes on the attractors were assessed to validate 

if SPAR could indeed pick up these morphology changes. Figure 36 shows an example of how 

changes in the waveform were indeed reflected in a change in shape of the attractor. Using 3 

metrics (rQ25, maxrdenspos and rspread), the effects of the reference compounds 

(vardenafil, molsidomine and sunitinib) were characterised, allowing attractor metrics to be 

linked to physiological changes in the cardiovascular system, as discussed below. 

 

Vasodilators 

Firstly, the effect of vardenafil and molsidomine were assessed. As the additionally 

normalised-to-baseline metrics consider inter-individual variability and are therefore more 

representative for qualitative, visual changes, the discussion below is focussed on these 

metrics (Table 2). Vardenafil decreased all three metrics related to attractor shape studied 

in this Chapter. Within the first 24 h after vardenafil dosing, rQ25 and maxrdenspos 

decreased significantly from vehicle. Molsidomine had similar effects on rQ25 as vardenafil 

and showed an even larger decrease in maxrdenspos. These effects on the radial density 

distribution, are linked to a shift of data in the attractor, from the outside towards the centre 

(Figure 41 and Figure 43). These observations are most likely due to the vasodilating effects 

of these two compounds. Vasodilatory compounds cause a decrease in wave reflection (W. 

W. Nichols et al., 2008; Su et al., 2018). This effect was observed in the exemplar waves 

included in Figure 41 and Figure 43; after administration of the vasodilator, the upstroke and 

first part of the downstroke were symmetrical, followed by a smaller wave reflection effect 

on the last third of the cycle, compared to the baseline waves. This effect is most clearly visible 

in Figure 43. In summary, the vasodilating effects of vardenafil and molsidomine caused an 

attenuating in wave reflection, resulting in an increase in size of the red attractor arms, which 

subsequently led a decrease in rQ25 and maxrdenspos.  

 

A summary of the attractor metrics, how they related to changes in the attractor and 

waveform, and their physiological relevance is presented in Table 11. 
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Interestingly, molsidomine and vardenafil affected rspread in opposing ways. Vardenafil 

decreased rspread and molsidomine increased rspread. Nonetheless literature indicates 

that these two compounds display comparable effects in the cardiovascular system, causing 

a vasodilation in both veins and arteries, systemically (Grund et al., 1978; Ried et al., 2017) 

and in the pulmonary bed (Detry et al., 1981; Ried et al., 2017). This would be expected, as 

both vardenafil and molsidomine perform their effect through the NO-pathway (Chander & 

Chopra, 2005; Ghiadoni et al., 2008; Keating & Scott, 2003; Nayak B et al., 2021). Therefore, 

so far the reason why these compounds were affecting rspread in opposing ways is not 

apparent and the interpretation of this metric is not entirely clear. As rspread represents at 

which radial position 99% of the data can be found, the changes observed must be related to 

changes in the outer edges of the attractor. Most likely rspread changes as the attractor 

edges become more sharp or soft (as for example in a circular attractor). However, no certain 

conclusions can be taken from the data available in this study. To further explore how rspread 

is related to changes in the attractors and waves, in silico generated data could be employed. 

This approach of analysing in silico data in SPAR has successfully been used before to 

characterise other SPAR metrics (Aston et al., 2018). Similarly, here it could potentially help 

to obtain a clear understanding of waveform changes leading to rspread changes.  
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Of important note, other SPAR metrics would have been interesting to study as well in this 

Chapter. For example, rcentspread, a metric that detects the length of the attractor arms, 

would likely be a good predictor of waveform morphology changes as well. Some preliminary 

analysis seemed to confirm this anticipation. However, at the time of analysis, due to 

technical limitations of the algorithm, SPAR was not able to measure rcentspread for each 

attractor, leading to many missing data points and low n-numbers for analysis. Furthermore, 

a decreased resistance and compliance of peripheral vasculature, associated with an 

increased concavity of downstroke, results in a clockwise rotation of attractor (Aston et al., 

2018). These clockwise rotations were observed after vasodilator dosing, however SPARKS 

was not able to correctly compute the angle of rotation for each attractor at the time of 

analysis, therefore this metric was not further analysed. Optimising the detection of these 

metrics for the blood pressure attractors generated in the study, would be a useful next step, 

as this could perhaps detect morphology changes in an even more sensitive way.  

 

When comparing the detection of cardiovascular effects by conventional wave analysis (MAP, 

HR and PP), SPAR was able to detect the changes following vasodilator administration with 

the same sensitivity; rQ25 and maxrdenspos were significantly different from vehicle from 

the first day of dosing, and indicated a decrease in waveform reflection. 
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 Table 11:  Each attractor measures analysed in this Chapter, with its corresponding change in attractor and wave, and its physiological relevance. 

Measure Change in attractor Change in waveform Physiological interpretation 

dspread3 Density in attractor 
High = high density, lot of red 
Low = low density, lot of blue 

Variability in waveform 
High = low variability 
Low = high variability 

Some drugs might affect 
variability, indicating activation 
of several autoregulating 
mechanisms to maintain blood 
flow to vital organs. 

rQ25 Radial position that includes 25% of data, indication of 
how data points are spread over attractor. 
 
Low = closed attractor  
= high density points close to centre, e.g. high density 
arms are large or data are evenly spread over attractor.  
 
High = open attractor  
= high density points at outer sides of the attractor, e.g. 
in small high density arms.  

Low = wave is more 
symmetrical, followed by 
flat interbeat interval. 
 
High = reflected waveform 
affects entire downstroke 
rather than only the last 
part of diastole.  

Decrease is observed with 
vasodilators, effect of reflected 
pressure on forward wave 
becomes smaller as the vessel is 
more compliant. 
 
Increase is observed with Syk 
inhibitors, could indicate a 
vasoconstriction. 

Maxrdenspos Radial position of maximum density  
Low = closed attractor  
= maximum density is closer to centre of attractor  
High = open attractor  
= maximum density is on outer sides of attractor 

Rspread   Radial position that includes 99% of data, indication of 
how data are spread at the outer edges of the attractor. 
Low = low density end of arms, rounder attractor, 
density more evenly spread over attractor? 
High = density in end of arms increases, sharp edges?  

? 

Decrease is observed with 
vardenafil. 
Increase is observed with 
molsidomine and Syk inhibitors.  
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Sunitinib 

Administration of sunitinib did not affect any of the radial density plot metrics discussed in 

this Chapter, except rQ25 after the second day of dosing. Interestingly, rQ25 was increased 

after sunitinib dosing, thus showing the same effects as vardenafil and molsidomine.  

 

Sunitinib induces hypertension, this was indeed detected in Chapter 3; sunitinib caused a 

large increase in MAP, significantly different from vehicle from the first day. Furthermore, 

sunitinib is known to increase vessel stiffness in the large artery, and increase the total 

peripheral resistance due to systemic vasoconstrictions (Catino et al., 2018; Kappers et al., 

2012; Thijs et al., 2015). An increased risk of heart failure is reported as well with sunitinib, 

due to direct cardiotoxicity or indirect effects on the heart (Gupta & Maitland, 2011; Reis 

Brandão et al., 2022). Given these cardiovascular effects, sunitinib was expected to affect the 

waveform reflection, and therefore attractor changes, in the opposite way to that observed 

with the vasodilators. When visually assessing the attractors following sunitinib dosing, some 

animals indeed displayed a shortening of the red attractor arms (e.g. animal 3 Figure 50), 

however this was not consistently the case for all sunitinib-treated animals (e.g. animal 1 and 

animal 2 in Figure 50) and indeed did not result in a consistent increase in rQ25, maxrdenspos 

or rspread. Moreover, as mentioned above, a decreased resistance and compliance of 

peripheral vasculature results in a clockwise rotation of attractor (Aston et al., 2018). 

Subsequently, after sunitinib administration, an anticlockwise rotation of the attractor was 

expected. Indeed, in some animals (e.g. animal 1 and 2 in Figure 50), this was the case, 

however attractors from other sunitinib-treated animals did not show this effect. Moreover, 

at the time of data analysis, SPARKS was not able to detect rotation of the attractor correctly 

for all generated attractors therefore this effect could not be quantified. Again, this was due 

to technical limitations of the algorithm at the time and optimisation of analysis is needed to 

ensure the attractor rotation is accurately computed. 
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Additionally, changes in the cardiac contraction have previously been linked to changes in the 

uniformity of density along the edges of the attractor, and variability in the right hand side of 

the attractor (Aston et al., 2018). However, also these changes were not unambiguously 

detected or could not be quantified at the moment of data analysis.  

 

  

Figure 49: Examples of attractor changes following sunitinib administration. The baseline 
attractor, and attractor generated 0.5 h after sunitinib dosing on the first day are shown for 
three animals. Animal 1 and 2 showed an anticlockwise rotation of the attractor (indicated 
by the red bar through the base of the triangle). The attractors of animal 3 did not change 
rotation, but a shortening of the red arms was observed. 



Chapter 4: SPAR analysis from radiotelemetry data 

 192 

In summary, the 3 SPAR metrics used in this Chapter could not clearly detect changes in 

waveform reflection after sunitinib administration. On the other hand, given that sunitinib 

caused large and obvious changes in MAP, arguably there was no need for follow-up analysis 

with SPAR. The aim of applying SPAR in preclinical settings was not to replace the 

conventional wave analysis parameters, but to provide additional insights where needed, 

particularly where changes are perhaps more subtle over the longer term. Nonetheless, to 

understand better why sunitinib did not affect the attractor metrics as anticipated, it would 

have been useful to repeat this study including another reference compound with a well-

understood vasoconstricting action, to see if it would affect the SPAR metric differently than 

sunitinib. 
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4.4.3. Effect of Syk inhibitors on blood pressure wave 

4.4.3.1. Fostamatinib 

Fostamatinib caused an increase in all three radial density plots metric analysed in this 

Chapter (Figure 47 and Table 10), thus exhibiting the opposing effect on the attractor shape 

compared to the vasodilators. These observations could potentially indicate a 

vasoconstriction downstream of the location of pressure wave recording (Table 3), consistent 

with literature showing that fostamatinib caused an increase in the peripheral vascular 

conductance and impaired a VEGF-induced vasodilation (M. Skinner et al., 2014) and the 

wider literature reporting vasoconstrictions with VEGFR2-inhibitors, leading to an increase in 

peripheral resistance (Carter et al., 2017; Kappers et al., 2012; Zhu et al., 2009). These 

vasoconstrictor effects were not markedly visible when looking at the waveform alone; some 

changes in waveform morphology were observed, however these were subtle (Figure 46). 

Nonetheless, distinct changes in the corresponding attractors were visible, and these changes 

were consistently reflected in an increase of rQ25, maxrdenspos and rspread. These 

results confirmed once again that SPAR is indeed able to expose subtle changes in waveform 

morphology and reflects these systematically in its shape. 

 

Additionally, the radial density plot measures detected an alteration in the cardiovascular 

system earlier than the conventional measures of wave analysis could. Indeed, in Chapter 3, 

only during the second day, following the second dose administration, MAP reached levels 

that were significantly different in the fostamatinib group compared to the vehicle group, and 

HR and PP did not change overall (Chapter 3 section 3.3.4.). In contrast, within the first 24 h 

after the first dose, SPAR metrics rQ25, maxrdenspos and rspread (and rQ25, 

maxrdenspos and rspread) were significantly different between fostamatinib and vehicle. ICH 

S7A currently recommends monitoring of MAP and HR following single dose administration 

of the test compound (International Conference on Harmonisation, 2001). SPAR detected a 

potential cardiovascular safety liability after this single fostamatinib administration, from 8 h 

after dosing. In summary, using the same data set, SPAR was able to extract more information 

from the waveform and detect fostamatinib-induced cardiovascular effects earlier than 

conventional analysis could.   
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4.4.3.2. Entospletinib  

Lastly, the effect of entospletinib on the SPAR measures was assessed. Entospletinib did not 

affect dspread3, thus did not affect waveform variability. Importantly, entospletinib caused 

an increase in rQ25 and rspread, that was significant from the first day (Figure 48). Indeed, 

smaller but similar effects as the ones observed with fostamatinib were found with this 

second-generation compound. As explained above, the interpretation of rspread is not 

entirely clear. Nonetheless, the increase in rQ25 and rspread indicated some subtle effects 

on the cardiovascular system. These effects were not detecting using the conventional wave 

analysis; MAP, HR or PP were not significantly changed during the 48 h of monitoring 

following entospletinib administration (Chapter 3 section 3.3.5.). 

 

Entospletinib was developed with the purpose of achieving higher Syk inhibition levels, 

without binding to other, off-target, kinases (Currie et al., 2014). In this way, entospletinib 

was anticipated to be safer than fostamatinib, as it should not induce VEGFR2-inhibition 

mediated hypertension (Currie et al., 2014). So far, little cardiovascular adverse drug 

reactions have been reported in clinical trials (Burke et al., 2018; Danilov et al., 2020; Lam et 

al., 2021; Morschhauser et al., 2021; J. Sharman et al., 2015). Yet little literature is available 

that describes the in vivo or ex vivo effects of entospletinib on vascular compliance or cardiac 

function. 

 

Entospletinib is currently in development in combination therapy regimes for leukaemias and 

lymphomas (Borate et al., 2022; N. Cooper et al., 2022; Kittai et al., 2021; Lam et al., 2021; 

Walker et al., 2020). Patients suffering from these pathologies might already have a 

compromised cardiovascular system, and additionally, multiple drugs combined in one 

therapy schedule can affect and exacerbate each other’s CV effects. Examples of such 

treatment schedules are discussed in the general discussion (Chapter 7, section 7.1.). Given 

these drug combinations, it is important to fully understand the CV effects of a new 

compound to make informed decisions on the cardiovascular safety of the drug, alone or in 

combination therapy. SPAR could aid in this, as the method can detect CV effects that MAP, 

HR and PP cannot.  
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4.4.4. Chapter conclusion 

The aim of this Chapter was to validate SPAR for use in radiotelemetric studies in rat, and to 

explore whether SPAR could provide insights into the cardiovascular effects of Syk inhibitors 

that were not captured by conventional waveform analysis in Chapter 3. 

 

This Chapter showed that SPAR could indeed detect changes in waveform variability and 

waveform morphology, likely relating to the diastolic downstroke and notch position and thus 

indicating an augmentation or attenuation of reflected waves. SPAR metrics rQ25 and 

maxrdenspos were found most suitable to quantify the changes observed in this study. SPAR 

detected fostamatinib-induced changes in the cardiovascular system earlier than MAP, HR or 

PP could; from the first day, the metrics were different from vehicle, while MAP was only 

significantly different from day 2 (Chapter 3) and HR or PP were not affected. When animals 

are only monitored after single dose administration, SPAR could detect safety issues in more 

sensitive way than MAP. Furthermore, SPAR detected entospletinib-induced changes in the 

blood pressure wave as well, even though this compound didn’t affect any of the conventional 

wave measures. Overall, the results in this Chapter indicated that:  

• SPAR is a suitable method to monitor waveform variability and waveform morphology 

changes in blood pressure data recorded with radiotelemetry in rats. 

• SPAR metrics rQ25 and maxrdenspos were able to indicate the vasodilating actions 

of vardenafil and molsidomine, and conversely, suggested a vasoconstriction 

following fostamatinib and entospletinib treatment. 

• SPAR detected changes in cardiovascular system earlier than MAP, HR or PP could for 

fostamatinib-treated animals.  

• SPAR detected entospletinib-induced cardiovascular effects that went unnoticed 

when looking at MAP, HR or PP alone. 

 

In conclusion, SPAR could potentially contribute to a more nuanced understanding of 

cardiovascular liabilities and help to mitigate risk in distinct patient populations (e.g. in 

combination with other oncology therapies). Employing in-depth waveform analysis in 

preclinical settings could help in making informed decision about the cardiovascular safety 

profile of new drugs. 
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4.4.5. Future directions 

More validation of SPAR is needed to confirm the findings in this Chapter. Firstly, improved 

detection of all SPAR metrics of the attractors (e.g. attractor rotation and rcentspread, 

measuring the length of the attractor arms) would allow more complete application of the 

method. Secondly, to enhance the understanding of the link between each metric and what 

it represents in wave changes, it would be helpful to get insights from in silico data. This 

approach has been successfully applied so far for a couple of other SPAR metrics (Aston et al., 

2018), but not for the ones used in this Chapter. For example, using in silico generated waves 

could give insights into how changes in rspread are related to waveform morphology changes. 

Moreover, to further validate the method, the effects on attractor metrics of more 

compounds need to be tested. It would also be informative to further explore sensitivity limits 

of both SPAR metrics and MAP (for example by assessing the effects of different 

concentrations of the same compound). Another useful study would be to assess the effect 

of two compounds that show similar MAP and HR profiles, but obtain these through different 

mechanism (e.g., a direct effect on the heart versus a reflex tachycardia). Lastly, applying deep 

learning on the attractor images themselves would be helpful, as not all features visualised 

by human eye are exactly computed by the metrics available at the moment. Together, these 

studies could further illustrate the advantages of SPAR beyond MAP, in detecting 

cardiovascular changes more sensitive, or by providing additional insights into mechanistic 

causes of cardiovascular effects. 

 

Little literature was available on distinct ex vivo or in vivo effects of Syk inhibitors on regional 

vascular beds. From the data in this Chapter, it was suggested that entospletinib caused subtle 

but significant effects on the CV system, similar to those observed with fostamatinib. To add 

to the comprehensive assessment of the cardiovascular safety profile of fostamatinib and 

entospletinib, these compounds were interrogated in the Doppler flowmetry model in the 

next Chapter (Chapter 5). 
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5.1. Chapter introduction 

As described in Chapter 1, section 1.5.4., the contraction of the heart generates a pulsatile 

flow of blood in the arteries (Masuda et al., 2013; Mynard et al., 2020). Each cardiac beat 

results in an increase of blood flow (Masuda et al., 2013; Mynard et al., 2020). Moreover, the 

profile of the blood flow wave is affected by wave reflection; a reflected blood flow wave 

attenuates the forward wave (section 1.5.4. Figure 9) (Masuda et al., 2013; Trihan et al., 

2023). The mean blood flow velocity in an artery is affected as well by the state of its 

downstream vascular bed (W. W. . Nichols et al., 2022). A vasoconstriction attenuates the 

mean blood flow velocity (decrease in vascular conductance (VC), the ease with which the 

blood flows through a vascular bed), while a vasodilation increases the blood flow to the 

vascular bed (increase in VC) (W. W. . Nichols et al., 2022).  

 

It has previously been shown that the increase in MAP induced by VEGFR2-inhibitors, is 

associated with regionally selective vasoconstrictions in rats (Carter et al., 2017). The most 

pronounced vasoconstriction was observed in the hindquarters vascular bed (measured in 

the abdominal aorta), suggested to be the main vascular bed involved in the VEGFR2-

inhibition related hypertension (Carter et al., 2017). Some RTKIs induced mesenteric and renal 

vasoconstrictions as well, but these effects differed between RTKIs, likely depending on the 

selectivity and potency of VEGFR2-inhibition (Carter et al., 2017). Similarly, Kappers et al. 

(2012) demonstrated that sunitinib caused a regionally selective vasoconstriction in swine, 

affecting the systemic, but not coronary or pulmonary haemodynamic profiles (Kappers et al., 

2012).  

 

Skinner et al. showed that fostamatinib decreased the arterial blood flow and VC in the 

femoral artery in anaesthetised rats, indicating an increase in peripheral vascular resistance 

(M. Skinner et al., 2014). Furthermore, fostamatinib impaired a VEGF-induced vasorelaxation. 

Nonetheless this compound did not display constriction of isolated human cutaneous vessels 

or isolated femoral rat arteries (M. Skinner et al., 2014). Additionally, similar as sunitinib in 

swine, the fostamatinib metabolite R406 did not affect the coronary blood flow in rats (M. 

Skinner et al., 2014).  
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Entospletinib has been reported to interfere with platelet activation (Series et al., 2020; T. J. 

Zheng et al., 2021) and Syk inhibition has been proposed as an approach to inhibit progression  

of atherosclerosis and other related inflammatory cardiovascular pathologies (Li et al., 2023). 

Nonetheless, no literature is available on how entospletinib affects blood flow in vascular 

beds, either ex vivo or in vivo. As described in Chapter 4, entospletinib caused subtle but 

significant changes in SPAR metrics of the BP (section 4.3.5.5.). When present for a long time, 

subtle changes in the cardiovascular system might lead to an increased risk for severe 

cardiovascular events, therefore adequate detection and management of such safety 

liabilities is required (Curigliano et al., 2010; Vallerio et al., 2022; Wu et al., 2008).  

 

To further investigate the risk of cardiovascular adverse drug effect of Syk inhibitors beyond 

BP alone, their effects on three vascular beds in conscious rats was characterised in this 

Chapter. The pulsed Doppler flowmetry model has previously been proven to be a 

translational, powerful and sensitive approach to determine drug-induced changes in distinct 

vascular beds (Carter et al., 2017; S. L. Cooper et al., 2020, 2022; Wragg et al., 2022). Using 

this model, this Chapter determined the effects of fostamatinib and entospletinib on renal, 

mesenteric and aortic blood flow velocity. The signals obtained during these experiments 

were first analysed using the conventional VC analysis to answer the following questions: 

1. How do fostamatinib and entospletinib affect the VC of these three vascular beds? 

2. By comparison to sunitinib, do the Syk inhibitors display similar regional 

haemodynamic effects as reported with VEGFR2 inhibitors? 

Next, blood flow and BP waves were analysis with SPAR, to: 

1. Explore the application of this method on the signals recorded in the Doppler 

flowmetry model, and 

2. Determine if SPAR could provide any insights into the safety of fostamatinib and 

entospletinib, that were not apparent from the conventional VC analysis.  
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5.2. Chapter methodology 

5.2.1. Doppler flowmetry set-up 

To monitor the effects of the Syk inhibitors on the blood flow in three vascular beds, the 

pulsed Doppler flowmetry model was used. As detailed in Chapter 2 (section 2.2.1.1.), this 

model uses a BP catheter and three implanted miniature ultrasonic Doppler probes, allowing 

for the recording of arterial BP and Doppler shift; the latter provides an index of blood flow 

velocity. In this thesis, the blood flow velocity waves to the following vascular beds were 

recorded: the renal, mesenteric and hindquarters bed. The latter is referred to as the aortic 

flow throughout the thesis. Subsequently, multiple cardiovascular parameters were 

calculated: VC in the vascular beds downstream of each Doppler probe and MAP and HR. How 

these parameters were derived is described in Chapter 2, section 2.2.1.3. The use of small 

pulsed Doppler probes offers several advantages over other blood flow measurement 

techniques that use larger probes, are harder to calibrate and less fit for use at the small rat 

arteries of interest (Haywood et al., 1981). Furthermore, the Doppler model utilises IV lines 

for drug administration, therefore animals are not disturbed during the recording of the 

haemodynamic parameters. 

5.2.2. Animals and surgeries 

The details of the two surgeries to implant vascular probes, pressure catheter and IV lines are 

described in Chapter 2, section 2.2.3.2. In brief, during the first surgery, three in-house 

produced Doppler probes were implanted around the left renal artery, superior mesenteric 

artery and descending abdominal aorta (referred to as aortic below) of adult Male Sprague-

Dawley (350 – 450 g). The second surgery, carried out a minimum 10 days after the first, and 

following welfare sign-off from the Named Veterinary Surgeon, involved the implantation of 

the fluid-filled BP catheter in the distal abdominal aorta and three IV catheter lines in the right 

jugular vein. Following the second surgery, animals were moved to their cage for 

experimentation. Probe wires and catheters were tunnelled through a protective metal spring 

fixed to a harness that was worn by the rat around the torso. This allowed for the animals to 

move around freely for the duration of the experiment. Animals were given approximately 

24 h for recovery before the commencement of the experiments. 
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5.2.3. Experimental protocol 

In total, three compounds were tested, alongside the appropriate vehicles. Firstly, the effects 

of sunitinib (16 mg/kg) were assessed in the Doppler model. This study was carried out by Dr. 

Edward Wragg. Secondly, fostamatinib was tested. As drugs were dosed IV in this study, R406 

(2.5 mg/kg) was administered, to ensure the presence of the active compound in the plasma, 

rather than the pro-drug. Lastly, the haemodynamic effects of entospletinib (0.4 mg/kg) were 

investigated. All drugs were dissolved in their appropriate vehicle (detailed below) and 

administered IV via the inserted lines in the jugular vein. Each drug was dosed as a bolus (0.2 

mL), containing half of the daily dose, followed by an infusion (0.4 mL) over 1 h, containing 

the second half of the daily dose. An overview of the study protocol is presented in Figure 51. 

Animals were dosed for three consecutive days. 

 

 

Figure 50: Doppler study protocol. Cardiovascular recordings were performed at least 30 min before dosing on the first day. 
At T=0, animals were dosed with a bolus, containing half of the daily dose, immediately followed by a 1h-infusion, containing 
the other half of the daily dose. Cardiovascular recordings continued for a further 4h after the completion of the infusion (at 
T=1). The same protocol was followed on the second and third day. 
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5.2.3.1. Sunitinib  

This study was carried out by Dr. Edward Wragg (experimentation and conventional analysis  

of MAP, HR and VC). Subsequent SPAR analysis was done by Marieke Van Daele. These 

historical data were included here as sunitinib is a compound known to cause hypertension 

due to VEGFR2-inhibition (Davis et al., 2011; Neves et al., 2020). Sunitinib was dosed at 16 

mg/kg/day. This dose was chosen following a pilot study assessing the effect of 4, 8 and 16 

mg/kg/day sunitinib. Unlike the lower two doses, 16 mg/kg/day caused sustained 

hypertension over the 3 days of experimentation, displaying the typical response observed 

with VEGFR2-TKIs. Once daily, sunitinib was administered as 8 mg/kg in 0.2 mL bolus, 

immediately followed by 8 mg/kg in 0.4 mL infusion (at a rate of 0.4 mL/h). The vehicle used 

for these experiments was 5% propylene glycol, 2% Tween 80 in sterile saline. 

 

5.2.3.2. Fostamatinib (R406) 

As fostamatinib is rapidly metabolised to the active compound R406 in the intestines (Connell 

& Berliner, 2019; Mócsai et al., 2010), here R406 was used to dose IV. R406 was dosed at 2.5 

mg/kg/day, as 1.25 mg/kg in in 0.2 mL bolus, immediately followed by 1.25 mg/kg in 0.4 mL 

infusion (at a rate of 0.4 mL/h). This dose was selected to reflect plasma concentrations in 

patients treated with fostamatinib (Lengel et al., 2015; M. Skinner et al., 2014). The vehicle 

used for these experiments was 5% ethanol, 20% PEG400 in water. Before dosing, the pH of 

the drug solution was checked to ensure the pH was not too acidic or alkaline for 

administration. If needed, the pH was adjusted to neutral (pH 6 – 8) using 1 M HCl or 1 M 

NaOH. 

 

5.2.3.3. Entospletinib 

Entospletinib was dosed at 0.4 mg/kg/day, as 0.2 mg/kg in in 0.2 mL bolus, immediately 

followed by 0.2 mg/kg in 0.4 mL infusion (at a rate of 0.4 mL/h). This dose was selected to 

reflect estimated plasma concentrations in patients treated with this drug (Currie et al., 2014). 

The vehicle used for these experiments was 5% ethanol, 20% PEG400 in water. Before dosing, 

the pH of the drug solution was checked to ensure administration of a neutral solution.  
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5.2.4. Conventional analysis: MAP, HR and VC  

Full details on data-analysis in IdeeQ can be found in Chapter 2, section 2.2.5.1. Summarised, 

HR, BP and renal, mesenteric, and aortic Doppler shifts were recorded using the bespoke 

IdeeQ software. The time-averages of MAP, HR and VCs were calculated within IdeeQ. The 

equations used for this analysis are given in Chapter 2, section 2.2.1.3. Areas for analysis were 

taken at baseline, followed by one at half an hour and at one hour after bolus dosing, and at 

every hour afterwards. Data are presented as change from baseline recording on day 1 to 

account for intra-animal variability. 

5.2.5. SPAR analysis 

5.2.5.1. Data extraction  

For in-depth analysis of the recorded waveforms, BP data and Doppler shift data were 

extracted directly from IdeeQ, imported into Notepad and saved as .txt files. From each area 

selected to perform conventional analysis (as described above in section 5.2.4.), a 1-minute 

window of raw waveform data was extracted in the same time window to analyse in SPARKS. 

  

5.2.5.2. Method optimisation for blood flow waves and protocol for SPAR analysis 

The telemetry studies (Chapter 3) and Doppler studies (this Chapter) were both performed in 

rats and recordings were conducted at 500 Hz in both instances. Therefore, the standard 

protocol developed for SPAR analysis of telemetry data (Chapter 4, section 4.2.2.3) was 

utilised here as well. Use of one minute of raw waveform data was sufficient to generate a 

robust and reliable attractor (Chapter 4, section 4.3.1.3.), so this was kept consistent here. 

The ‘HumanBP’ pre-set of parameters was used, with adjusted HR (230 and 550) and 

nbins_density of 125 for quantitative analysis. Full details on how this protocol was obtained 

can be found in Chapter 4, section 4.3.1. 
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In brief, the following protocol was applied: 

1. One minute of raw wave numbers were extracted from IdeeQ into Notepad. Per 

animal, per day, per drug treatment, per signal, one window was extracted during the 

baseline recording, followed by one window at half an hour and at one hour after 

bolus dosing, and at every hour afterwards. 

2. The only pre-processing of data that was performed, was removal of obvious outliers, 

for example where catheters were blocked or Doppler probes disconnected. This 

happened only sporadically, for example when the lines in and around the flexible 

metal spring needed untangling.  

3. For each individual 1-minute window, the sequence of BP/Doppler shift values was 

saved as a .txt file. 

4. These .txt files were then loaded into the SPARKS app. 

5. For SPAR analysis, the pre-set of parameters of HumanBP was used, with adjusted 

nbins_density and HR limits. For quantitative analysis of the attractors, an 

nbins_density of 250 was used. For qualitative, visual analysis and presentation of the 

attractors, an nbins_density of 125 was used. HR limits were adjusted to maximum 

550 and minimum 230.  

6. Next, the attractors were generated in the SPARKS app. One attractor was generated 

per 1 min window. Additionally, from each attractor 49 metrics were taken, to enable 

quantification of attractor changes. 

7. For further quantitative analysis, the attractor metrics of interest were imported into 

Prism 9.5.1 (GraphPad Software). 

 

A qualitative analysis was carried out to identify any visual changes in attractors after drug 

administration. Next, ROC AUCs were used to select SPAR metrics that were suitable for 

quantifying attractor changes. 
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5.2.6. Statistics  

All data were expressed as mean ± SEM. Statistical analysis was performed in Prism 9.5.1 

(GraphPad Software, San Diego, CA, USA). As there were two categorical, independent 

variables (time and treatment) and one quantitative outcome variable (MAP, HR, VC or SPAR 

metric), a two-way ANOVA test was performed. This tested (1) if the outcome variable was 

significantly different over time, (2) if the outcome variable was significantly different 

between groups, and (3) if the outcome variable was significantly different between groups 

over time. If the result of the two-way ANOVA were significant, multiple comparisons test 

were performed; a Dunnett test to determine where changes within a group from baseline 

were significant and a Sídák test to determine where changes between groups were 

significant. Results were considered significant at p < 0.05. 

 

Outliers were detected using the ROUT method. This method first fits the data to a model 

using a robust method that is impacted little by outliers. Next, outliers are identified based 

on the false discovery rate, to determine which points are far enough from the model 

prediction to be considered outliers. 
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5.3. Chapter results 

5.3.1. Conventional analysis: MAP, HR and VC 

5.3.1.1. Sunitinib 

Administration of sunitinib (16 mg/kg/day) resulted in a decrease in HR and an increase in BP 

(Figure 52). From the first day, HR was significantly decreased in the sunitinib group, 

compared to vehicle (two-way ANOVA, p<0.05 and follow-up Sídák test p<0.05). This effect 

was sustained during the day, and enlarged over the three days of experimentation, with the 

maximum effect reached on day 3, 1h after bolus dosing. No significant differences in HR were 

observed within each group from baseline (two-way ANOVA, p>0.05). Sunitinib increased 

MAP from 4h after bolus dosing of the first day. From the second day, this effect was 

significantly different from baseline within the group (Dunnett-test p<0.05). Although MAP 

increased from baseline in the vehicle-treated group as well (maximum effect observed 1h 

after bolus dosing on day 3, Dunnett-test p<0.05), sunitinib still caused an increase in MAP 

that was significantly different from vehicle over the three days of experimentation (two-way 

ANOVA, p<0.05). 
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It was clear the sunitinib caused a vasoconstriction in all three vascular beds assessed (Figure 

52). Sunitinib evoked a decrease in the renal VC, compared to vehicle. Although no individual 

time point was significantly different between the groups (Sídák test, p>0.05), overall % renal 

VC was significantly smaller in the sunitinib group (two-way ANOVA, p<0.05). This effect was 

most apparent on the third day. No significant differences were observed within each group 

from baseline (two-way ANOVA, p>0.05). Secondly, mesenteric VC was incrementally 

decreased by sunitinib. From the second day, % mesenteric VC was significantly different from 

baseline in the sunitinib treated group (Dunnett-test, p<0.05). No significant changes were 

obtained within the vehicle group (Dunnett-test, p>0.05). Overall, a significant decrease in % 

mesenteric VC was observed in the sunitinib group, compared to vehicle (two-way ANOVA, 

p<0.05). Lastly, a similar profile was seen in the abdominal aortic VC; from the first day, 4h 

after bolus dosing, sunitinib caused a reduction of % aortic VC (Dunnett-test, p<0.05), while 

no significant changes were observed within the vehicle group (Dunnett-test, p>0.05). 

Overall, sunitinib caused a significant decrease of % aortic VC compared to vehicle (two-way 

ANOVA, p<0.05), with the effect of sunitinib enlarging every day (individual time points being 

significantly different from vehicle on day 3, Sídák test, p<0.05). All baseline parameters are 

shown in Table 12. 
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Figure 51: Cardiovascular effects of sunitinib. Changes in HR, MAP and %VC (renal, mesenteric and aortic) of rats dosed 
with sunitinib 16 mg/kg IV (n=8, red, filled circles) and vehicle IV (n=8, blue, open circles). Data were normalised to baseline 
recording of day 1 for each animal individually. Black triangles on time-axis indicate time of drug administration. Data are 

presented as mean ± SEM. A two-way ANOVA test was conducted to test for overall differences between two groups ( = 
p<0.05), followed by multiple comparison by Sídák to test for differences between the groups at each time point (# = p<0.05) 
Furthermore, to test for significant changes over time within a group, each timepoint of the group was compared to the 
group’s corresponding baseline (T=-0.5h), by Friedmann performed on the raw, non-normalised data (* = p<0.05). 
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Table 12: Overview of cardiovascular parameters before drug or vehicle administration, corresponding to t=-0.5h. Values 
are presented as mean ± SEM. Abbreviations: U, units; VC, vascular conductance. Units (U) of VC are kHz.mmHg-1.103.  

Parameter at 
t=-0.5h 

(mean ± SEM) 
Sunitinib Vehicle R406 Vehicle Entospletinib Vehicle 

MAP (mmHg) 100 ± 3 106 ± 4 108 ± 3  102 ± 1 100 ± 3  102 ± 1 

HR (bpm) 342 ± 11 340 ± 8 341 ± 16  347 ± 8 339 ± 10  347 ± 8 

RVC (U) 105 ± 6 96 ± 6 84 ± 13  61 ± 6  91 ± 15  61 ± 6  

MVC (U) 100 ± 7 72 ± 9 52 ± 9  62 ± 13  83 ± 15  62 ± 13  

AVC (U) 41 ± 5 45 ± 6 24 ± 8 30 ± 2 46 ± 8  30 ± 2 
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5.3.1.2. R406 

Treatment with R406 (2.5 mg/kg/day), the active metabolite of fostamatinib, resulted in no 

significant changes in HR or MAP, when compared within the group to baseline and when 

compared to the vehicle group (Figure 53, two-way ANOVA, p>0.05). An upwards trend was 

seen in MAP over three days of R406 administration, however a similar observation was made 

in the vehicle group, and these were not significantly different.  

 

Importantly, one animal was, as described below, identified as an outlier in the mesenteric 

signal of the R406-treated group and these data were excluded in figures and statistical 

analysis. In Figure 54A, the individual mesenteric traces of all six animals are shown. Animal 6 

showed an abnormal increase in % mesenteric VC (note: the y-axis was adjusted to 120%) 

compared to the other animals (maximum increase in %MVC of 34.55%). To objectively 

identify any outliers, the ROUT method was used. Indeed, this test reported 10 data points of 

animal 6 to be outliers in the R406-treated group. The timepoints considered outliers are 

shown in the table in Figure 54B. These data were excluded when plotting the graphs and 

performing the statistical analysis. 

 

R406 caused a decrease of the renal VC (Figure 53). Although no individual time points were 

different between the two treatment groups (Sídák test, p>0.05), overall R406 displayed a 

reduction in % renal VC compared to vehicle (two-way ANOVA, p<0.05). No changes from 

baseline were significant in either of the groups (two-way ANOVA, p>0.05). The mesenteric 

VC was not affected by R406, compared to vehicle or within the group from baseline (two-

way ANOVA, p>0.05). The aortic VC was not significantly different between the two treatment 

groups (two-way ANOVA, p>0.05). A downwards trend in % aortic VC was observed over the 

three days of R406 treatment, reaching significance after the 1h bolus dosing on the last day 

(within group from baseline; Dunnett test, p<0.05). All baseline parameters are shown in 

Table 12. 
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Figure 52: Cardiovascular effects of R406. Changes in HR, MAP and %VC (renal, mesenteric and aortic) of rats dosed 
with R406 2.5 mg/kg IV (n=6, red, filled circles) and vehicle IV (n=6, blue, open circles). Data were normalised to baseline 
recording of day 1 for each animal individually. Black triangles on time-axis indicate time of drug administration. Data are 

presented as mean ± SEM. A two-way ANOVA test was conducted to test for overall differences between two groups ( = 
p<0.05), followed by multiple comparison by Sídák to test for differences between the groups at each time point (# = p<0.05) 
Furthermore, to test for significant changes over time within a group, each timepoint of the group was compared to the 
group’s corresponding baseline (T=-0.5h), by Friedmann performed on the raw, non-normalised data (* = p<0.05).
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Figure 53: Identification of outliers in the mesenteric conductances in the R406-treated group. (A) % mesenteric VC was 
plotted for each animal individually to identify the general trend of the signal. All animals showed a stable or downwards 

trend in % mesenteric VC, except for animal 6, that showed an increase in mesenteric VC of up to 100%. (B) Table of outliers 

in this group, identified by the ROUT method. The table shows the animal number (in all cases, 6), timepoint and % 

mesenteric VC value of data points considered outliers, combined with the mean of % mesenteric VC of the group at that 
timepoint, for reference. These outliers were potentially caused by an incorrect adjustment of the probe frequency at the start 
of day 2. 

Animal 

nr 

Timepoint 

(h) 

%MVC Mean 

%MVC 

6 23.5 106.27 17.45 

6 24.5 74.67 11.86 

6 25 72.8 16.57 

6 26 77.33 4.14 

6 28 72.54 5.65 

6 47.5 79.21 -1.34 

6 48.5 68.09 -4.64 

6 50 73.97 -7.13 

6 51 96.66 -2.74 

6 53 90.05 -2.04 
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5.3.1.3. Entospletinib  

Entospletinib (0.4 mg/kg/day) affected HR and MAP in the opposite way to that observed with 

sunitinib (Figure 55). Firstly, a significant increase in HR was observed between entospletinib 

and vehicle (two-way ANOVA, p<0.05), with the biggest effect seen on the third day. Within 

the groups, there were no significant changes from baseline HR. MAP was significantly lower 

in the entospletinib-treated group, compared to the vehicle-treated group (two-way ANOVA, 

p<0.05). Again, no changes over time within either group were present. Entospletinib did not 

affect the renal, mesenteric or aortic VC significantly within the group or between treatment 

groups (Figure 55, two-way ANOVA, p>0.05 in all cases). 

 

Similar to the data obtained with R406 for the mesenteric signal, one animal was identified 

as an outlier in the entospletinib-treated group and these data were excluded in figures and 

statistical analysis. Figure 56A shows the individual mesenteric traces of all six animals. Animal 

5 showed an abnormal increase in % mesenteric VC (note: the y-axis was adjusted to 150%) 

compared to the other animals (maximum increase in %MVC of 25.85%). To objectively 

identify any outliers, the ROUT method was used. Indeed, this test reported 11 data points of 

animal 5 to be outliers in the entospletinib-treated group. The timepoints considered outliers 

are presented in the table in Figure 56B. These data were excluded when plotting the graphs 

and performing the statistical analysis. All baseline parameters are shown in Table 12. 
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Figure 54: Cardiovascular effects of entospletinib. Changes in HR, MAP and %VC (renal, mesenteric and aortic) of rats 
dosed with entospletinib 0.4 mg/kg IV (n=6, red, filled circles) and vehicle IV (n=6, blue, open circles). Data were normalised 
to baseline recording of day 1 for each animal individually. Black triangles on time-axis indicate time of drug administration. 
Data are presented as mean ± SEM. A two-way ANOVA test was conducted to test for overall differences between two groups 
( = p<0.05), followed by multiple comparison by Sídák to test for differences between the groups at each time point (# = 
p<0.05). Furthermore, to test for significant changes over time within a group, each timepoint of the group was compared to 
the group’s corresponding baseline (T=-0.5h), by Friedmann performed on the raw, non-normalised data (* = p<0.05). 
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Figure 55: Identification of outliers in the mesenteric conductances in the entospletinib-treated group. (A) % mesenteric 
VC was plotted for each animal individually to identify the general trend of the signal. All animals showed a stable or 

downwards trend in % mesenteric VC, except for animal 5, that showed an increase in mesenteric VC of up to 140%. (B) 
Table of outliers in this group, identified by the ROUT method. The table shows the animal number (in all cases, 5), timepoint 
and % mesenteric VC value of data points considered outliers, combined with the mean of % mesenteric VC of the group 
at that timepoint, for reference. These outliers were potentially caused by malfunctioning of the probe, given the large 
differences in VC observed over day 3.  

Animal 

nr 

Timepoint 

(h) 

%MVC Mean 

%MVC 

5 23.5 54.03 0.27 

5 24.5 59.97 -0.90 

5 28 58.26 -1.01 

5 29 68.47 -4.42 

5 47.5 55.13 -9.59 

5 48.5 69.83 -2.05 

5 49 59.17 -3.48 

5 50 129.54 3.16 

5 51 65.17 -2.54 

5 52 144.84 3.90 

5 53 83.58 -8.77 
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5.3.1.4. Summary of conventional analysis results 

A summary of the results obtained with the conventional analysis is shown in Table 13. 

Sunitinib caused a significant decrease in HR and increase in MAP. All three VC were 

attenuated following sunitinib administration. R406 did not affect HR, MAP or the % 

mesenteric VC, however showed small decreases in the renal and aortic flow velocity. No 

changes in VCs were detected with entospletinib, but a small increase in HR and decrease in 

MAP were present. 

 

Table 13: Selected drug-induced changes of the conventional Doppler wave analysis. Changes reported in the table were 

significant between treated and vehicle group (: two-way ANOVA, p<0.05) and/or significantly different from baseline within 
the treated group (* two-way ANOVA, p<0.05).  ‘↑’ indicates an increase in the parameter, ‘↓’ indicates a decrease in the 
parameter, ‘=’ indicates parameter was not significantly changed. 

 
Sunitinib R406 Entospletinib 

HR ↓↓ = ↑ 

MAP ↑↑,* = ↓ 

%RVC ↓ ↓ = 

%MVC ↓↓,* = = 

%AVC ↓↓,* ↓* = 
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5.3.2. SPAR analysis 

Following the conventional wave analysis, the BP waves and Doppler shift waves were 

analysed using SPAR. Following the protocol described above in section 5.2.5.2., attractors 

were generated, and ROC AUC values determined for each SPAR metric. These values 

indicated how well a metric can distinguish the drug-treated group from its control group 

(vehicle). The closer to 1, the larger the difference; the closer to 0.5, the more similar the 

metric is in both groups. An overview of all ROC AUCs is presented in Figure 57. Figure 57A 

represents a heatmap of ROC AUCs per signal per group (drug-treated versus vehicle). It was 

clear that the renal blood flow wave was least affected overall (yellow/light orange for most 

metrics). The aortic flow metrics were more variable, especially in the sunitinib-treated group. 

Furthermore, the mesenteric metrics were changing between the drug-treated and vehicle 

group as well, mostly with entospletinib and sunitinib. Lastly, some BP metrics were relatively 

good to distinguish between groups (e.g. maxden, maxdh and some vw-metrics; ROC AUCs 

around 0.65 – 0.70), but less so than the mesenteric and aortic flow. Similar observations 

were made when the ROC AUCs for each metric per signal were averaged out over the drug-

treated groups (Figure 57B): aortic flow and mesenteric flow differed the most in drug-treated 

versus vehicle groups and the renal metrics were affected the least.  

 

Overall, from the heatmap, it appeared that R406 made the least changes in waveform 

morphology and variability, compared to entospletinib and sunitinib. 

 

In the sections below, each signal (i.e. BP or renal, mesenteric or aortic flow), its relevant 

metrics and changes in waves are presented. Metrics were selected for quantification of 

waveform changes according to the following criteria: (1) the mean ROC AUC was over 0.6 

and (2) the metric showed a reasonable change (ROC AUC>0.6) in at least two of the drug-

treated groups and (3) ease of interpretation of the metric. Cycle rate was excluded for all 

signals, as this indicates the HR, already discussed in section 5.3.1.
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Figure 56: Heatmap of ROC AUC values of all Doppler studies. (A) All 36 attractor metrics per signal are listed with their ROC AUC value, per drug compared to its corresponding vehicle. The 
higher the ROC AUC (red in the heatmap), the better the metric can distinguish drug-treated animals from vehicle-treated animals. The lower the ROC AUC (yellow in heatmap), the more 
overlapping the metric is between the drug-treated and vehicle-treated group. (B) Per signal, mean ROC AUCs across all drug-treated groups per attractor metric.
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5.3.2.1. Blood pressure waves 

First, the SPAR analysis of BP waves was performed. 

 

Selection of metrics to quantify changes in BP waves. 

Figure 58 shows the heatmap of ROC AUCs values for the arterial BP wave signals. Based on 

this heatmap, following the criteria mentioned above, 4 metrics were selected: (1) maxden, 

(2) dspread3, (3) vwmedianradio_heightdiff and (4) rQ5. Below a summary of how each 

metric related to waveform morphology or variability changes is given. The metrics in this 

section, and how they were derived from the attractor, are represented in the Appendix 

(section 8.3., Table 23).  

 

Firstly, maxden was included here, as it showed a good ROC AUC to distinguish between drug-

treated groups and their corresponding vehicle group. This metrics is representing the 

maximum recorded attractor density and inversely related with the waveform variability. 

Dspread3 and rQ5 have been discussed previously, in Chapter 4, section 4.3.4 and 4.3.5. In 

summary, dspread3 indicates the amount of red colour in an attractor, hence the higher 

dspread3, the lower the waveform variability. rQ5 is extracted from the radial density plot 

and indicates at which radial position respectively 5% of the data are captured. An attractor 

with a high density in the centre, is therefore associated with a low rQ5 value.  

Vwmedianradio_heightdiff is another metric that relates to the roundness of the attractor. 

This metric is taken from the polar map of the attractor. How this plot is generated and 

vwmedianradio_heightdiff is determined is shown in the Appendix (section 8.3., Figure 90 and 

91). In short, a decrease vwmedianradio_heightdiff is related the opening of attractor and an 

increase in waveform reflection. This metric is referred to as heightdiff throughout the rest of 

the thesis. 
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Figure 57: Heatmap of ROC AUC values of arterial BP wave signal. All 44 attractor metrics are listed with their ROC AUC 
value, per drug compared to its corresponding vehicle. The higher the ROC AUC (red in the heatmap), the better the metric 
can distinguish drug-treated animals from vehicle-treated animals. The lower the ROC AUC (yellow in heatmap), the more 
overlapping the metric is between the drug-treated and vehicle-treated group. Mean ROC AUCs across all drug-treated groups 
per attractor metric are presented on the right-hand side. 
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Quantitative changes 

Following the selection of the SPAR metrics, changes of the metrics following drug treatment 

were quantified and are shown in Figure 59, 60 and 61.  

 

Figure 59 represents the changes induced in the BP wave following sunitinib treatment. 

Metrics inversely related to waveform variability – maxden and dspread3 – were increased 

by sunitinib compared to vehicle. Within the group, the metrics did not increase significantly 

over time (two-way ANOVA, p>0.05). However, both maxden and dspread3 increased 

significantly from the first day of treatment compared to the vehicle-treated group (two-Way 

ANOVA, p<0.05). This effect was sustained during the three days of experimentation, with the 

largest effect observed on the second day. Metrics related to the waveform morphology 

changed as well. Metric rQ5 was increased with sunitinib, again significant from the first day 

of dosing (two-Way ANOVA, p<0.05). This effect wore off during the day, returning to baseline 

values after 2 or 3 h after bolus-dosing on every day. The maximal effect was observed on the 

third day, 1 h post bolus-dosing (Šídák test, p<0.05). Unlike the sunitinib-group, in the vehicle-

group significant changes over time were observed within the group (two-way ANOVA, 

p<0.05), with the maximum effect observed in the last hour of the last day (Dunnett test, 

p<0.05). Lastly, heightdiff decreased following sunitinib administration. This effect was only 

significantly different from vehicle from the second day (two-way ANOVA, p<0.05). Within 

the sunitinib-group, a significant decrease compared to baseline was observed from the third 

day (two-way ANOVA, p<0.05, maximum effect observed 1h post bolus-dosing on the third 

day, Dunnett test, p<0.05). Together, these changes indicated sunitinib caused an increase in 

waveform reflection and thus vasoconstriction.  
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Figure 60 shows the changes induced in the BP wave following R406 treatment, compared to 

vehicle. In contrast to sunitinib, R406 showed a decrease in maxden and dspread3. From the 

first day, maxden was significantly decreased with R406 compared to vehicle (two-way 

ANOVA, p<0.05). This decrease was sustained during the three days. No significant changes 

were detected within the group from baseline (two-way ANOVA, p>0.05). Dspread3 was 

affected in a similar way; within the treatment groups no significant changes were observed 

from baseline (two-way ANOVA, p>0.05), but from the first day, dspread3 was significantly 

decreased in the R406 group compared to vehicle (two-way ANOVA, p<0.05) and this effect 

sustained during the three days of monitoring. Related to the waveform morphology, rQ5 was 

not differently affected by vehicle or R406 (two-way ANOVA, p>0.05). Lastly, heightdiff 

increased following R406 administration. This effect was overall significant (two-way ANOVA, 

p<0.05) due to the effect on the second day; on the first and third heightdiff was not 

significantly different between the two groups (two-way ANOVA, p>0.05). 

 

In Figure 61, the effect of entospletinib on the BP SPAR metrics are presented. Entospletinib 

resulted in similar but smaller effects on the variability metrics as R406; both maxden and 

dspread3 were decreased. For maxden, this effect was significant from the second day (two-

way ANOVA, p<0.05), dspread3 decreased significantly, compared to vehicle, from the third 

day only (two-way ANOVA, p<0.05). Both metrics were not significantly affected within the 

groups over time (two-way ANOVA, p>0.05). The metric rQ5 was increased following 

entospletinib administration compared to vehicle (two-way ANOVA, p<0.05) and this effect 

grew larger over the three days of dosing. No significant changes were observed within either 

of the groups from baseline. Lastly, heightdiff was decreased with entospletinib, compared to 

vehicle (two-way ANOVA, p<0.05), with no changing within the group from baseline. These 

changes in morphology metrics were similar to the ones observed with sunitinib. 

 

A summary of the drug-effects on the BP SPAR metrics is shown in Table 14. 
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Figure 58: Effect of sunitinib on selected BP SPAR metrics. Changes in maxden, dspread3, rQ5 and heightdiff of rats 
dosed with sunitinib 16 mg/kg IV (n=8, red, filled circles) and vehicle IV (n=8, blue, open circles). Data were normalised to 
baseline recording of day 1 for each animal individually. Black triangles on time-axis indicate time of drug administration. 
Data are presented as mean ± SEM. A two-way ANOVA test was conducted to test for overall differences between two groups 
( = p<0.05), followed by multiple comparison by Sídák to test for differences between the groups at each time point (# = 
p<0.05) Furthermore, if there was a significant change over time within a group (two-way ANOVA), each timepoint of the 
group was compared to the group’s corresponding baseline (T=-0.5h), by Dunnett (* = p<0.05). 



Chapter 5: Doppler flowmetry results  

 224 

 
Figure 59: Effect of R406 on BP SPAR metrics. Changes in maxden, dspread3, rQ5 and heightdiff of rats dosed with 
R406 2.5 mg/kg IV (n=6, red, filled circles) and vehicle IV (n=6, blue, open circles). Data were normalised to baseline 
recording of day 1 for each animal individually. Black triangles on time-axis indicate time of drug administration. Data are 

presented as mean ± SEM. A two-way ANOVA test was conducted to test for overall differences between two groups ( = 
p<0.05), followed by multiple comparison by Sídák to test for differences between the groups at each time point (# = 
p<0.05) Furthermore, if there was a significant change over time within a group (two-way ANOVA), each timepoint of the 
group was compared to the group’s corresponding baseline (T=-0.5h), by Dunnett (* = p<0.05). 
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Figure 60: Effect of entospletinib on BP SPAR metrics. Changes in maxden, dspread3, rQ5 and heightdiff of rats 
dosed with entospletinib 0.4 mg/kg IV (n=6, red, filled circles) and vehicle IV (n=6, blue, open circles). Data were normalised 
to baseline recording of day 1 for each animal individually. Black triangles on time-axis indicate time of drug administration. 
Data are presented as mean ± SEM. A two-way ANOVA test was conducted to test for overall differences between two 

groups ( = p<0.05), followed by multiple comparison by Sídák to test for differences between the groups at each time point 
(# = p<0.05) Furthermore, if there was a significant change over time within a group (two-way ANOVA), each timepoint of 
the group was compared to the group’s corresponding baseline (T=-0.5h), by Dunnett (* = p<0.05).
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Table 14: Selected BP SPAR metrics, drug-induced changes and the interpretation of the metric. Changes reported in the table were significant between treated and vehicle group (two-way 
ANOVA, p<0.05).  ‘↑’ indicates in increase in the metric, ‘↓’ indicates a decrease in the metric, ‘=’ indicates metric was not significantly changed.  

 

 Sunitinib R406 Entospletinib Interpretation of metric 

maxden  ↑ ↓  ↓ 
↑: decreased waveform variability 

↓: increased waveform variability 

dspread3  ↑ ↓ ↓ 
↑: decreased waveform variability 

↓: increased waveform variability 

rQ5  ↑ = ↑ 
↑: opening of attractor, more wave reflection 

↓: closing of attractor, less wave reflection 

heightdiff  ↓ ↑ ↓ 
↑: closing of attractor, less wave reflection 

↓: opening of attractor, more wave reflection 

Summary 
of drug 
effect 

Decreases  
variability 
and opens 
attractor 

Increases  
variability 
and closes 
attractor  

Increases 
variability 
and opens 
attractor 
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5.3.2.2. Renal flow wave 

Selection of metrics  

Overall, changes in renal attractor metrics were less pronounced than in other vascular beds 

and signals had a much higher variability than the mesenteric and aortic flow. Nonetheless, 

based on the heatmap shown in Figure 62, three SPAR metrics were selected to quantify renal 

blood flow wave changes following drug treatment: (1) maxrden, (2) dspread1 and (3) 

vwmedianradius_bandwidth. How these metrics are determined and how they relate to 

attractor and wave changes is detailed in the Appendix (section 8.3., Table 24). In summary, 

these three metrics are related to the variability of the wave: 

1. Maxrden indicates the maximum density, calculated from the radial density plot, as 

explained in Chapter 4, section 4.3.5. The higher this metric, the lower the waveform 

variability.  

2. Secondly, dspread1 is the opposite metric of dspread3; whereas dspread3 indicates 

the amount of red colour in an attractor, dspread1 indicates the amount of blue colour 

in an attractor. Thus, the higher the value of dspread1, the less overlap of attractor 

loops and the higher the variability of the waveform.  

3. Lastly, vwmedianradius_bandwidth was extracted from the polar map of the 

attractor. How this metric is calculated and relates to waveform variability is detailed 

in the Appendix (section 8.3., Table 24 and Figure 92 and 93). Briefly, the 

vwmedianradius_bandwidth is directly related to the waveform variability. This metric 

is referred to as bandwidth throughout the rest of the thesis. 

 

Thus, these three metrics are calculated from different plots of the attractor but are all related 

with waveform variability. An increase in waveform variability is associated with a decrease 

in maxrdens and increase in dspread1 and bandwidth. 
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Figure 61: Heatmap of ROC AUC values of RF signals. All 44 attractor metrics are listed with their ROC AUC value, per drug 
compared to its corresponding vehicle. The higher the ROC AUC (red in the heatmap), the better the metric can distinguish 
drug-treated animals from vehicle-treated animals. The lower the ROC AUC (yellow in heatmap), the more overlapping the 
metric is between the drug-treated and vehicle-treated group.  Mean ROC AUCs across all drug-treated groups per attractor 
metric are presented on the right-hand side. 
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Quantitative changes  

Following the selection of the SPAR metrics, changes of the metrics following drug treatment 

were quantified and are shown in Figure 63, 64 and 65.  

 

In Figure 63, the effects of sunitinib on the renal metrics (and thus renal blood flow wave 

variability) are presented. The metric marxden was not affected over the three days of data 

recording. On the other hand, dspread1 and bandwidth both decreased following sunitinib 

administration. Interestingly, rather than a decrease compared to baseline in the sunitinib-

group, the metrics increased in the vehicle-treated group and sunitinib seemed to offset that 

effect. Metric dspread1 was significantly lower in the sunitinib group, compared to vehicle, 

from the first day of dosing (two-way ANOVA, overall p<0.05), with the maximum effect 

observed on the third day, 2h after bolus dosing (Šídák test, p<0.05). The metric bandwidth 

was significantly different between the two groups from the second day (two-way ANOVA, 

overall p<0.05), with no individual timepoints being significantly different between the groups 

(Šídák test, p>0.05). Both the vehicle group and sunitinib group did not show a significant 

change from baseline within the group. In summary, these changes indicated sunitinib evoked 

a decrease in renal flow waveform variability. 

 

The effect of R406 on the renal wave variability metrics are presented in Figure 64. This 

compound caused a significant decrease in maxrden compared to vehicle, indicating an 

increase in waveform variability. However, this effect was again rather due to offsetting of 

effects observed in the vehicle group, than a change from baseline within the R406-group. 

From the first day, there was a significant change between the groups (two-way ANOVA, 

overall p<0.05, largest effect on day 2, Šídák test, p<0.05) and no significant effects were 

observed within either group from baseline. A trend for increasing dspread1 and bandwidth 

was observed with R406, however these changes were not significant within the group, or 

compared to the vehicle group (two-way ANOVA, p>0.05). 
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In Figure 65, the effects of entospletinib on the renal flow SPAR metrics are shown. Firstly, a 

decrease in marxden was observed, compared to vehicle (significant from the first day, two-

way ANOVA, overall p<0.05). On the other hand, dspread1 and bandwidth were, similar to 

R406, increased in the entospletinib-group. Metric dspread1 was significantly decreased from 

the second day in the entospletinib-group compared to vehicle (two-way ANOVA, overall 

p<0.05), with no significant changes over time from baseline observed within either group 

(two-way ANOVA, p>0.05). The increase in bandwidth was significant from the second day 

(two-way ANOVA, overall p<0.05). The effect was the largest on the second day, but again, 

within both groups, no significant changes from baseline were detected. Taken together, 

these changes indicated an entospletinib-induced increase in renal blood flow waveform 

variability. 

 

The effects of these three compounds on the SPAR metrics extracted from the renal flow are 

summarised in Table 15.  
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Figure 62: Effect of sunitinib on selected renal flow SPAR metrics. Changes in maxrden, dspread1 and bandwidth of rats 
dosed with sunitinib 16 mg/kg IV (n=6, red, filled circles) and vehicle IV (n=7, blue, open circles). Data were normalised to 
baseline recording of day 1 for each animal individually. Black triangles on time-axis indicate time of drug administration. 
Data are presented as mean ± SEM. A two-way ANOVA test was conducted to test for overall differences between two groups 

( = p<0.05), followed by multiple comparison by Sídák to test for differences between the groups at each time point (# = 
p<0.05) Furthermore, if there was a significant change over time within a group (two-way ANOVA), each timepoint of the 
group was compared to the group’s corresponding baseline (T=-0.5h), by Dunnett (* = p<0.05). 
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Figure 63: Effect of R406 on selected renal flow SPAR metrics. Changes in maxrden, dspread1 and bandwidth of rats 
dosed with R406 2,5 mg/kg IV (n=6, red, filled circles) and vehicle IV (n=6, blue, open circles). Data were normalised to baseline 
recording of day 1 for each animal individually. Black triangles on time-axis indicate time of drug administration. Data are 

presented as mean ± SEM. A two-way ANOVA test was conducted to test for overall differences between two groups ( = 
p<0.05), followed by multiple comparison by Sídák to test for differences between the groups at each time point (# = p<0.05) 
Furthermore, if there was a significant change over time within a group (two-way ANOVA), each timepoint of the group was 
compared to the group’s corresponding baseline (T=-0.5h), by Dunnett (* = p<0.05). 
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Figure 64: Effect of entospletinib on selected renal flow SPAR metrics. Changes in maxrden, dspread1 and bandwidth 
of rats dosed with entospletinib 0.4 mg/kg IV (n=6, red, filled circles) and vehicle IV (n=6, blue, open circles). Data were 
normalised to baseline recording of day 1 for each animal individually. Black triangles on time-axis indicate time of drug 
administration. Data are presented as mean ± SEM. A two-way ANOVA test was conducted to test for overall differences 

between two groups ( = p<0.05), followed by multiple comparison by Sídák to test for differences between the groups at 
each time point (# = p<0.05) Furthermore, if there was a significant change over time within a group (two-way ANOVA), each 
timepoint of the group was compared to the group’s corresponding baseline (T=-0.5h), by Dunnett (* = p<0.05).
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Table 15: Selected renal flow SPAR metrics, drug-induced changes and the interpretation of the metric. Changes reported in the table were significant between treated and vehicle group (two-
way ANOVA, p<0.05). ‘↑’ indicates in increase in the metric, ‘↓’ indicates a decrease in the metric, ‘=’ indicates metric was not significantly changed.  

 

  Sunitinib R406 Entospletinib Interpretation of metric 

maxrden  = ↓ ↓ 
↑: decreased waveform variability 

↓: increased waveform variability 

dspread1  ↓ = ↑ 
↑: increased waveform variability 

↓: decreased waveform variability 

bandwidth  ↓ = ↑ 
↑: increased waveform variability 

↓: decreased waveform variability 

Summary of 
drug effect  

Decreases 
variability  

Increases 
variability  

Increases 
variability  
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5.3.2.3. Mesenteric flow wave 

Selection of metrics  

Based on the heatmap of ROC AUCs, presented in Figure 66, four metrics were selected to 

quantify changes in the mesenteric flow wave: (1) maxden, (2), avPP, (3) rQ75 and (4) 

vwmediannorm. The extraction and interpretation of the metrics are detailed in the Appendix 

(section 8.3., Table 25). Below an overview of the metrics is given. 

1. Maxden, as described in section 5.3.2.1., indicates the number of data in the highest 

density bin of the attractor, and is therefore inversely related to the wave variability. 

2. The metric avPP indicates the average ‘pulse pressure’ of the signal. When the 

downstream vascular bed is constricted, a larger flow wave amplitude is measured, as 

wave reflection increases (W. W. . Nichols et al., 2022). A lower flow wave amplitude 

indicates less wave reflection, hence a dilation in the downstream vascular bed (W. 

W. . Nichols et al., 2022). An illustrative example is shown in the Appendix (section 

8.3. Figure 94). 

3. The metric rQ75 is extracted from the radial density plot, as described in Chapter 4, 

section 4.3.5, and indicated at which radial density 75% of the data are captured. The 

larger this metric, the more high-density points at the outer edges of the attractor. 

The lower rQ75, the more high-density points at the centre of the attractor. For the 

mesenteric signal, a high rQ75 was related to a flat interbeat interval, and thus 

indicated an increase in blood flow wave reflection and vasoconstriction. An example 

is shown in the Appendix (section 8.3.3., Figure 95). 

4. Lastly, vwmediannorm was determined. How this metric is derived from the polar 

attractor map, and how it relates to changes in waveform morphology is detailed in 

the Appendix (section 8.3., Table 25 and Figure 96). In brief, a decrease in 

vwmediannorm was linked to a flattening of the interbeat interval, thus indicating an 

increase in wave reflection of the mesenteric blood flow wave, observed with 

vasoconstrictors.  
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Figure 65: Heatmap of ROC AUC values of MF signals. All 44 attractor metrics are listed with their ROC AUC value, per drug 
compared to its corresponding vehicle. The higher the ROC AUC (red in the heatmap), the better the metric can distinguish 
drug-treated animals from vehicle-treated animals. The lower the ROC AUC (yellow in heatmap), the more overlapping the 
metric is between the drug-treated and vehicle-treated group.  Mean ROC AUCs across all drug-treated groups per attractor 
metric are presented on the right-hand side. 
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Quantitative changes  

Using these selected metrics, the drug-induced changes in attractors were quantified and the 

results are shown in Figure 67, 68 and 69. A summary of the effects of the three compounds 

on the mesenteric SPAR metrics, and their link to waveform changes is given in Table 16. 

 
The effects of sunitinib on the mesenteric attractors are displayed in Figure 67. Firstly, 

sunitinib induced an increase in maxden, that was significantly different from vehicle from 

the first day (two-way ANOVA, overall p<0.05). The maximal difference was observed on the 

second day, 4 h after bolus dosing (Šídák test, p<0.05). Within the groups, there was no 

significant change from baseline in maxden. Secondly, a large increase in avPP was observed 

following sunitinib administration (two-way ANOVA, p<0.05). This effect sustained during the 

day and increased incrementally over the three days of monitoring. From the first day, the 

increase in avPP was significantly different from vehicle and the maximum effect was 

observed 1 h post bolus dosing on the second day (Šídák test, p<0.05). Furthermore, within 

the sunitinib-treated group, avPP incrementally and significantly increased over the three 

days compared to baseline (two-way ANOVA, p<0.05, maximum effect 1 h post bolus dosing 

on the second day, Dunnett test, p<0.05). A similar trend was observed in the metric rQ75; a 

large increase was observed in the sunitinib group, significantly different from the vehicle 

group from the first day (two-way ANOVA, overall p<0.05) and the maximum effect was 

observed on the second day, 1 h post sunitinib bolus dosing (Šídák test, p<0.05). This effect 

was sustained and grew over the three days of experimentation. Also, within the group, 

sunitinib caused a significant increase in rQ75 from baseline (two-way ANOVA, p<0.05, 

maximum effect at 1 h post dosing on the third day, Dunnett test, p<0.05). Lastly, 

vwmediannorm was reduced by sunitinib, compared to vehicle. This effect was smaller than 

the ones observed in avPP and rQ75, but significant at the last day (two-way ANOVA, p<0.05). 

These data indicated sunitinib evoked an attenuation of the mesenteric wave variability, and 

increased wave reflection from the mesenteric bed, thus causing a vasoconstriction in the 

mesenteric bed.
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The R406-induced effects of the selected mesenteric SPAR metrics are shown in Figure 68. 

R406 had similar but smaller effects on the metrics, compared to sunitinib. Overall, the effects 

of R406 were however mostly due to nullifying the effect observed in the vehicle group; the 

metrics did not change largely within the R406 group and generally stayed close to baseline 

values. Firstly, maxden was increased following R406 dosing, compared to vehicle (two-way 

ANOVA, p<0.05). Within each group, no significant changes from baseline were observed. 

Metric avPP was increased following R406 administration, compared to vehicle (two-way 

ANOVA, p<0.05), significantly so from the second day. While rQ75 was not affected, R406 

decreased vwmediannorm compared to vehicle (two-way ANOVA, p<0.05), with the 

maximum difference observed at the baseline of day 3 (Šídák test, p<0.05). In the vehicle 

group, vwmediannorm was significantly increased from baseline (two-way ANOVA, p<0.05), 

with the maximum effect observed on the third day, 30 min after bolus dosing (Dunnett test, 

p<0.05). No significant changes from baseline were detected within the R406 group. 

 

Changes in the mesenteric flow metrics following entospletinib administration are displayed 

in Figure 69. Overall, entospletinib showed similar effects as R406 on these metrics; this 

compound changed the metrics in the same direction as sunitinib, but with a smaller 

magnitude, and effects were mostly due to offsetting increases or decreases observed in the 

vehicle group. The metric maxden was significantly different between the entospletinib and 

vehicle treated group by the first day (two-way ANOVA, overall p<0.05). The metric decreased 

in the vehicle group, however this effect was not significant within the group compared to 

baseline (two-way ANOVA, P>0.05). Both avPP and rQ75 were higher in the entospletinib 

group compared to the vehicle group. These effects were small, but significant between the 

two treatment-groups (two-way AONVA< p<0.05 for avPP and p<0.05 for rQ75). Lastly, the 

increase in vwmediannorm observed in the vehicle group, was attenuated by entospletinib 

(two-way AONVA, p<0.05), with the largest effect observed 30 min after bolus dosing on the 

third day (Šídák test, p<0.05). In the vehicle group, vwmediannorm was significantly increased 

from baseline (two-way ANOVA, p<0.05, maximum increase on the third day, 30 min after 

bolus dosing, Dunnett test, p<0.05). Within the entospletinib group, no significant changes 

from baseline were detected. 
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Figure 66: Effect of sunitinib on selected mesenteric flow SPAR metrics. Changes in maxden, avPP, rQ75 and 

vwmediannorm of rats dosed with sunitinib 16 mg/kg IV (n=8, red, filled circles) and vehicle IV (n=7, blue, open circles). Data 
were normalised to baseline recording of day 1 for each animal individually. Black triangles on time-axis indicate time of drug 
administration. Data are presented as mean ± SEM. A two-way ANOVA test was conducted to test for overall differences 
between two groups ( = p<0.05), followed by multiple comparison by Sídák to test for differences between the groups at 
each time point (# = p<0.05) Furthermore, if there was a significant change over time within a group (two-way ANOVA), each 
timepoint of the group was compared to the group’s corresponding baseline (T=-0.5h), by Dunnett (* = p<0.05). 
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Figure 67: Effect of R406 on selected mesenteric flow SPAR metrics. Changes in maxden, avPP, rQ75 and 

vwmediannorm of rats dosed with R406 2.5 mg/kg IV (n=6, red, filled circles) and vehicle IV (n=6, blue, open circles). Data 
were normalised to baseline recording of day 1 for each animal individually. Black triangles on time-axis indicate time of drug 
administration. Data are presented as mean ± SEM. A two-way ANOVA test was conducted to test for overall differences 
between two groups ( = p<0.05), followed by multiple comparison by Sídák to test for differences between the groups at 
each time point (# = p<0.05) Furthermore, if there was a significant change over time within a group (two-way ANOVA), each 
timepoint of the group was compared to the group’s corresponding baseline (T=-0.5h), by Dunnett (* = p<0.05). 
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Figure 68: Effect of entospletinib on selected mesenteric flow SPAR metrics. Changes in maxden, avPP, rQ75 and 

vwmediannorm of rats dosed with entospletinib 0.4 mg/kg IV (n=6, red, filled circles) and vehicle IV (n=6, blue, open circles). 
Data were normalised to baseline recording of day 1 for each animal individually. Black triangles on time-axis indicate time 
of drug administration. Data are presented as mean ± SEM. A two-way ANOVA test was conducted to test for overall 
differences between two groups ( = p<0.05), followed by multiple comparison by Sídák to test for differences between the 
groups at each time point (# = p<0.05) Furthermore, if there was a significant change over time within a group (two-way 
ANOVA), each timepoint of the group was compared to the group’s corresponding baseline (T=-0.5h), by Dunnett (* = p<0.05). 
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Table 16: Selected mesenteric flow SPAR metrics, drug-induced changes and the interpretation of the metric. Changes reported in the table were significant between treated and vehicle group 
(two-way ANOVA, p<0.05). ‘↑’ indicates in increase in the metric, ‘↓’ indicates a decrease in the metric, ‘=’ indicates metric was not significantly changed. 

 

 Sunitinib R406 Entospletinib Interpretation of metric 

maxden  ↑ ↑ ↑ 
↑: decreased waveform variability 

↓: increased waveform variability 

avPP  ↑ ↑ ↑ 
↑: increased wave amplitude 

↓: decreased wave amplitude 

rQ75  ↑ = ↑ 
↑: high density at outer edges of attractor (in wave: flat interbeat interval) 

↓: high density at centre of attractor 

vwmediannorm  ↓ ↓ ↓ 
↑: increase in rotational symmetry of attractor 

↓: decrease in rotational symmetry of attractor (in wave: flat interbeat interval) 

Summary of drug 

effect 

Decrease in waveform variability and flattening of 

interbeat interval in wave (increase in wave 

reflection) 
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5.3.2.4. Aortic flow wave 

Selection of metrics  

Based on the heatmap of ROC AUCs shown in Figure 70, and following the criteria mentioned 

in section 5.3.2., 4 metrics were selected to quantify drug-induced changes in the aortic flow 

waveform; (1) maxrden, (2) dspread3, (3) rQ25 and (4) vwmaxnorm. All metrics (extraction, 

change in attractor and change in wave) are detailed in the Appendix (section 8.3., Table 26). 

1. The metric maxrden has been described in section 5.3.2.2. In brief, this metric is 

derived from the radial density plot of the attractor and is inversely related to 

waveform variability.  

2. Dspread3 is mentioned above (section 5.3.2.1.) and is inversely related to waveform 

variability as well. 

3. rQ25 is, in a similar way as rQ5 (section 5.3.2.1.) and rQ75 (section 5.3.2.3.), derived 

from the radial density plot and indicates at which radial position 25% of the data is 

captured. In the aortic flow wave, this metric was inversely related to wave reflection. 

This is illustrated by an example in the Appendix (section 8.3., Figure 97). 

4. Lastly, the metric vwmaxnorm is derived in a similar way as vwmediannorm (section 

5.3.2.3.) from stacked polar maps (detailed in the Appendix, section 8.3. Table 26). In 

the aortic flow wave, this metric was inversely related to wave reflection (Figure 98 in 

the Appendix). 
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Figure 69: Heatmap of ROC AUC values of aortic flow signals. All 44 attractor metrics are listed with their ROC AUC value, 
per drug compared to its corresponding vehicle. The higher the ROC AUC (red in the heatmap), the better the metric can 
distinguish drug-treated animals from vehicle-treated animals. The lower the ROC AUC (yellow in heatmap), the more 
overlapping the metric is between the drug-treated and vehicle-treated group.  Mean ROC AUCs across all drug-treated 
groups per attractor metric are presented on the right-hand side. 
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Quantitative changes  

Using these selected metrics, the drug-induced changes in the aortic flow attractor were 

quantified and the results are shown in Figure 71, 72 and 73. A summary of the effects of the 

three compounds on the aortic SPAR metrics, and their link to attractor/waveform changes is 

given in Table 17. 

 

Figure 71 presents the sunitinib-induced changes in the aortic SPAR metrics. Overall, sunitinib 

induced clear changes in both metrics related to the waveform variability and wave 

morphology. Firstly, maxrden was increased following sunitinib administration, compared to 

vehicle (two-way ANOVA, p<0.05). This effect was largest on the second day of dosing 

(maximum effect 4h after bolus dosing, Šídák test, p<0.05) and declined slightly on the last 

day. Within both groups, no significant changes from baseline were reached. Similarly, 

dspread3 was increased in the sunitinib group compared to the vehicle group (two-way 

ANOVA, p<0.05), with the maximum effect observed on the second day, 4h after bolus dosing 

(Šídák test, p<0.05) and wearing off slightly on the last day. Again, within either group, no 

significant differences from baseline were detected over the three days of recording. Related 

to the waveform morphology changes, both rQ25 and vwmaxnorm were largely attenuated 

by sunitinib. From the first day, the metric rQ25 was significantly different between the two 

groups (two-way ANOVA, overall p<0.05) and over time within the sunitinib group from 

baseline (two-way ANOVA, overall p<0.05). Within the group, the maximum effect was 

observed during the last hour of the second day (Dunnett test, p<0.05). Between the two 

groups, the maximum effect was observed at 4h after bolus dosing on the first day (Šídák test, 

p<0.05). 
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The effects of R406 treatment on the selected aortic SPAR metric are presented in Figure 72. 

R406 did not changes the variability metrics (maxrden and dspread3) significantly within the 

group or compared to vehicle. Small effects on the morphology metrics (rQ25 and 

vwmaxnorm) were detected. A slight increase in rQ25 was observed following R406 dosing, 

however this effect was only apparent and significant on the first day (two-way ANOVA, 

p<0.05) and did not last on the second and third day of experimentation. The metric 

vwmaxnorm was increased in the R406 group as well compared to vehicle. This effect was 

largest and significant on the second day (two-way ANOVA, p<0.05). No significant changes 

were found within either the vehicle group or R406 group. 

 

In Figure 73, the effects of entospletinib on the selected SPAR metric of aortic flow are shown. 

Entospletinib caused a small but significant increase in maxrden compared to vehicle (two-

way ANOVA, p<0.05). No changes over time within the group from baseline were detected. 

In contrast, dspread3 was incrementally decreased by entospletinib over the three days, 

compared to vehicle. This effect was significant from the third day (two-way ANOVA, p<0.05). 

Again, no changes within either group were significant over time. On the other hand, rQ25 

was significantly increased by entospletinib compared to vehicle (two-way ANOVA, p<0.05). 

This effect was clear on the first day, fell back on the second day, and reappeared smaller on 

the third day. Lastly, also vwmaxnorm was increased following entospletinib treatment. This 

effect was sustained during the three days, and significantly different from vehicle (two-way 

ANOVA, p<0.05), but not within the group from baseline. 
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Figure 70: Effect of sunitinib on selected aortic flow SPAR metrics. Changes in maxrden, dspread3, rQ25 and 

vwmaxnorm of rats dosed with sunitinib 16 mg/kg IV (n=8, red, filled circles) and vehicle IV (n=7, blue, open circles). Data 
were normalised to baseline recording of day 1 for each animal individually. Black triangles on time-axis indicate time of drug 
administration. Data are presented as mean ± SEM. A two-way ANOVA test was conducted to test for overall differences 
between two groups ( = p<0.05), followed by multiple comparison by Sídák to test for differences between the groups at 
each time point (# = p<0.05) Furthermore, if there was a significant change over time within a group (two-way ANOVA), each 
timepoint of the group was compared to the group’s corresponding baseline (T=-0.5h), by Dunnett (* = p<0.05). 
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Figure 71: Effect of R406 on selected aortic flow SPAR metrics. Changes in maxrden, dspread3, rQ25 and vwmaxnorm 
of rats dosed with R406 2.5 mg/kg IV (n=6, red, filled circles) and vehicle IV (n=6, blue, open circles). Data were normalised to 
baseline recording of day 1 for each animal individually. Black triangles on time-axis indicate time of drug administration. 
Data are presented as mean ± SEM. A two-way ANOVA test was conducted to test for overall differences between two groups 
( = p<0.05), followed by multiple comparison by Sídák to test for differences between the groups at each time point (# = 
p<0.05) Furthermore, if there was a significant change over time within a group (two-way ANOVA), each timepoint of the 
group was compared to the group’s corresponding baseline (T=-0.5h), by Dunnett (* = p<0.05). 
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Figure 72: Effect of entospletinib on selected aortic flow SPAR metrics. Changes in maxrden, dspread3, rQ25 and 

vwmaxnorm of rats dosed with entospletinib 0.4 mg/kg IV (n=6, red, filled circles) and vehicle IV (n=6, blue, open circles). 
Data were normalised to baseline recording of day 1 for each animal individually. Black triangles on time-axis indicate time 
of drug administration. Data are presented as mean ± SEM. A two-way ANOVA test was conducted to test for overall 

differences between two groups ( = p<0.05), followed by multiple comparison by Sídák to test for differences between the 
groups at each time point (# = p<0.05) Furthermore, if there was a significant change over time within a group (two-way 
ANOVA), each timepoint of the group was compared to the group’s corresponding baseline (T=-0.5h), by Dunnett (* = 
p<0.05).
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Table 17: Selected aortic flow SPAR metrics, drug-induced changes and the interpretation of the metric. Changes reported in the table were significant between treated and vehicle group 
(two-way ANOVA, p<0.05). ‘↑’ indicates in increase in the metric, ‘↓’ indicates a decrease in the metric, ‘=’ indicates metric was not significantly changed. Some drug effects are indicated with 
a question mark, as these effects were observed visually in the flow wave, but not unambiguously detected by the selected SPAR metrics, as discussed below in section 5.4.2.). 

 Sunitinib R406 Entospletinib Interpretation of metric 

maxrden  ↑ = ↑ 
↑: decreased waveform variability 

↓: increased waveform variability 

dspread3 ↑ = ↓ 
↑: decreased waveform variability 

↓: increased waveform variability 

rQ25  ↓ ↑ ↑ 
↑: high density at outer edges of attractor  

↓: high density at centre of attractor 

vwmaxnorm ↓ ↑ ↑ 
↑: decrease in rotational symmetry of attractor 

↓: increase in rotational symmetry of attractor 

Summary of 

drug effect 

Decrease in 

waveform 

variability 

No changes in 

waveform 

variability  

No clear changes in 

waveform 

variability 
 

Increase in wave reflection? 
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5.3.2.5. Summary of SPAR analysis results  

The effects of sunitinib, R406 and entospletinib on each selected metric per signal can be 

found at the end of each section above (Table 14, BP signal; Table 15, renal flow signal; Table 

16, mesenteric flow signal; and Table 17, aortic flow signal). Here, in Table 18, a summary of 

the overall effects on the attractor and/or wave of each drug per signal are given. 

 

Table 18: Summary of drug-effects per signal on the wave and/or attractor. Effects on the aortic flow morphology are 
indicated with a question mark, as these effects were observed visually in the flow wave, but not unambiguously detected by 
the selected SPAR metrics. (BP, blood pressure; RF, renal flow; MF, mesenteric flow; AF, aortic flow) 

 

Overall, sunitinib decreased the wave variability and showed indications of an increase in 

wave reflection, both in the BP signal and flow signals. R406 induced an increase in waveform 

variability in the BP and renal flow and decreased the variability of the mesenteric signal. SPAR 

did not detect large changes in wave reflection of the BP signal following R406 administration, 

however in the mesenteric and aortic flow, indications of an increase in wave reflection were 

found. Entospletinib showed an increase in the variability of the BP and renal flow waves. On 

the other hand, in the mesenteric signal a decrease in waveform variability was detected. 

Moreover, entospletinib administration showed hints of an increase of reflection of both 

pressure and flow waves in the SPAR analysis.

 Sunitinib R406 Entospletinib 

BP   

Decreases variability and 

opens attractor, 

increases reflection 

Increases variability and 

closes attractor  

Increases variability and 

opens attractor, 

increases reflection 

RF Decreases variability  Increases variability  Increases variability  

MF  
Decreases variability and flattening of interbeat interval in wave (increases wave 

reflection) 

AF  
Decreases variability. 

Increases reflection? 
Increases reflection? Increases reflection? 
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5.4. Chapter discussion  

This Chapter investigated the cardiovascular effects of sunitinib, R406 and entospletinib in 

conscious and freely moving rats in the Doppler flowmetry model. First, obtained wave data 

were assessed using the conventional analysis, looking at MAP, HR and mean conductances 

in the renal, mesenteric and hindquarter vascular beds. Next, SPAR was used to perform more 

in-depth analysis of recorded BP and blood flow waves. By conducting this analysis and 

providing detailed results on entospletinib’s and fostamatinib’s effects on the blood flow 

velocities, these studies contributed to the wider understanding of the subtle cardiovascular 

safety liabilities that might occur with fostamatinib and entospletinib.  

5.4.1. Doppler experiments and conventional analysis 

For all three compounds, animals were dosed once daily, using a bolus containing half of the 

dose/day, followed by a one-hour infusion containing the other half of the dose/day. This 

protocol was followed for 3 consecutive days.  

 

In this Chapter, two different vehicles were used as control groups. The sunitinib group used 

the following vehicle: 5% propylene glycol, 2% Tween 80 in sterile saline. R406 and 

entospletinib solubility was found optimal in a vehicle containing 5% ethanol, 20% PEG400 in 

water, with adjusted pH to neutral values (pH 6 – 8). Interestingly, in both vehicle groups a 

trend of increasing MAP and decreasing mesenteric and aortic VC was observed. This effect 

has been observed previously, especially in the aortic flow (Carter et al., 2017) and is 

potentially related to stress-induced vasoconstrictions (Hayashi et al., 2006; Zukowska-Grojec 

et al., 1996), as animals were single-housed during experimentation and recovering from 

surgery. Nonetheless, with the exception of one time-point in the vehicle group of the 

sunitinib study, the CV parameters were not significantly changing within the vehicle groups 

from baseline, therefore relevant comparisons between vehicle- and drug-treated groups 

could still be performed. 
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Firstly, the effects of sunitinib on MAP, HR and VCs in the three vascular beds were presented 

(section 5.3.1.1., Figure 52). As mentioned, this study was performed by Dr. Edward Wragg 

and included here to display the response typically expected with a compound inhibiting 

VEGFR2. Indeed, sunitinib caused a large increase in MAP and decrease in HR, as previously 

reported with this drug (Isobe et al., 2014; Lankhorst et al., 2015) and in general with VEGFR2-

inhibitors (Carter et al., 2017; S. L. Cooper et al., 2019; Touyz et al., 2018), and reflected clinical 

responses (Catino et al., 2018; Zhu et al., 2009). MAP increased incrementally over the three 

days of experimentation, reaching a 23.5 mmHg increase from baseline. This is likely the result 

of accumulation of sunitinib in the plasma, related to the dosing schedule and its plasma half-

life as discussed in Chapter 3, section 3.4.2. The observed decrease in HR is likely the 

consequence of the elevated BP, as a result of the activation of the baroreflex (Kougias et al., 

2010). Associated with the increase in MAP, a significant reduction in the VC of the renal, 

mesenteric and hindquarters vascular bed was observed. In particular, the decrease in aortic 

flow velocity was significant within 5h after bolus-dosing on the first day, compared to vehicle. 

The mesenteric flow velocity was rapidly reduced as well. Effects in the renal bed were 

smaller, nonetheless also significant. All reductions of VC grew larger over the three days, 

likely the result of accumulating plasma concentrations, and contributing to the overall 

increase in MAP. Again, these observations were consistent with previously reported VEGFR2-

inhibitor induced regional vasoconstrictions (Carter et al., 2017; Kappers et al., 2012).  

 

Next, the effect of the two Syk-inhibitors was investigated in the Doppler model. Both in the 

R406-group and entospletinib-group an outlier was identified in the mesenteric signal (ROUT-

methods, Figure 54 and 56). To ensure reported results were physiologically relevant, these 

data were excluded. This brought the number of animals per group down to n=5. According 

to power calculations performed by Prof. Jeanette Woolard using the NC3Rs EDA 

(experimental design assistant) tool, a minimum of 4 animals per group was sufficient for a 

power calculation with 80% confidence (the minimum) to detect changes of 10 mmHg (and 

other clinically meaningful differences) between two groups in the Doppler model. Therefore, 

even when excluding these outliers, the data obtained should be sufficient to perform 

statistical tests and obtain valuable results. Nonetheless, it would have been worthwhile to 

include one more animal in both groups, to have a powered study of n=6 for all signals as was 

the originally set goal.  
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The effects of fostamatinib are shown in Figure 53 (section 5.3.1.2.). To ensure the presence 

of the active metabolite in the blood, rather than the prodrug, R406 was used to dose IV. 

Based on literature (Lengel et al., 2015; M. Skinner et al., 2014), a dose of 2.5 mg.kg-1.day-1 

was selected with the aim to obtain plasma levels that are representative for the plasma 

concentrations in patients treated with fostamatinib in clinic. With this concentration, an 

upwards trend in MAP was observed with a similar magnitude of the one observed in the 

telemetry studies of Chapter 3. However, as discussed above, in the vehicle group a similar 

elevation of MAP was observed and the effects of R406 were not significantly different from 

this. Moreover, no change in HR or % mesenteric VC was detected. In the renal vascular bed, 

a small decrease in VC was observed over time (significantly different between the two 

groups) and also in the hindquarters, a reduction of VC was found (significantly different 

within the R406-group compared to baseline). These subtle changes indicated R406-induced 

vasoconstrictions in those beds, consistent with literature showing a femoral artery 

constriction following R406-treatment (M. Skinner et al., 2014). 

 

Lastly, the effects of entospletinib on the three VC was investigated. Again, the dose selection 

of entospletinib was based on literature (Currie et al., 2014) and aimed to present relevant 

concentrations in patients treated with this compound. Although this drug caused a small 

decrease in MAP and increased HR slightly, the VC in kidney, mesentery and hindquarters was 

not affected.  

 

In summary, this study showed that R046 had similar effects on the cardiovascular 

parameters as sunitinib, but in a smaller extend, as only the renal and aortic VC were affected 

and not BP, HR or the mesenteric VC. Entospletinib caused subtle changes in HR and MAP, 

however these effects were of a much smaller magnitude than the ones observed with 

sunitinib and did not sustain over the three days of experimentation. Furthermore, 

entospletinib did not affect any of the measured blood flow velocities significantly.  
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5.4.2. Flow waveform analysis  

Following the conventional wave analysis (MAP, HR and %VC), raw BP wave and blood flow 

wave data were extracted and analysed in SPAR. This analysis produced additional insights 

into the subtle drug-induced changes in waveform variability and wave morphology, that 

were overlooked in the conventional wave analysis. Below, the application of SPAR per signal 

is discussed (section 5.4.2.1.), followed by a description and interpretation of how the three 

compounds affected the selected SPAR metrics (section 5.4.2.2.). 

 

5.4.2.1. Discussion of the SPAR metrics: fit to quantify blood flow wave changes? 

Blood pressure signal 

Overall, the metrics selected to assess the changes in BP waveform morphology and variability 

were suitable to detect such effects. Firstly, changes in two metrics related to the waveform 

variability, dspread3 and maxden, were quantified. These metrics are calculated in a different 

way; maxden is determined from a single bin of the attractor, while dspread3 reports on the 

overall density of the attractor. Nonetheless they are both inversely related to wave 

variability and did indeed change consistently. From the morphology metrics selected, rQ25 

showed a more consistent course and larger changes in the sunitinib group, compared to 

vwmedianradio_heightdiff. The latter was less stable overall and showed some seemingly 

random changes over time. Therefore, rQ25 is potentially a better metric to quantify BP wave 

changes in the Doppler model.  

 

The quality of the BP signal obtained in this model is presumably not ideal for in-depth wave 

analysis for the following reason. A common issue in the Doppler flowmetry model is the 

dampening of the BP signal over time, as small blood clots form at the fluid-filled pressure 

catheter and decrease the patency of the arterial line. This dampening of the signal usually 

does not affect the calculation of MAP majorly, but naturally affects the morphology of the 

wave drastically as the detailed pulse profile is lost. An example is shown in Figure 74. To 

prevent this loss of patency of the catheter and maintain a good quality of the signal, the 

arterial line was flushed with heparin during experimentation. Moreover, efforts were made 

to select windows of waves where little pressure signal dampening occurred to generate 

attractors. However, given these fluctuations in quality of the signal, it was challenging to 
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identify drug-induced wave changes unrelated to signal diminution. As the signal dampening 

was a trend that was seen in a major part of the animals, it is important to note that some 

SPAR effects observed in these studies may have little physiological relevance, as morphology 

changes might be artefacts rather than true drug-induced effects. Related to this, some 

metrics (e.g. rQ5 in Figure 59) were significantly attenuated over the course of three days in 

the vehicle group. This drift in waveform morphology could be an indication of such reduction 

of signal quality. Another possible explanation for these changes of metrics in the vehicle 

groups could be stress-related, as animals were single-housed during experimentation and 

recovering from surgery, which can affect cardiovascular parameters as mentioned above 

(section 5.4.1.). 

 

 

Figure 73: Example of signal dampening and effects on the attractor. Waveforms and associated attractors are taking from 
a recording in the same animal on the same day. (A) shows a good quality BP signal, with sharp peaks and clear effects of 
wave reflection (dicrotic notch). (B) shows a dampened signal, with an overall smaller magnitude and lacking subtle wave 
reflection effects on the downstroke. This dampening of the signal had obvious effects on the shape of the attractor.  

 

Despite these challenges, the observations made from the BP waves in this Chapter were 

roughly in line with results from previous Chapters, as discussed below in more detail (section 

5.4.2.2.). 
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Renal flow signal 

The renal signal displayed a lot of natural variability. This was observed when looking at the 

flow waves directly, but also noticeable from the very blue colour and little defined edges of 

the attractors (e.g. Appendix Figure 92 and 93). This high variability has been reported 

previously, both in rats (Pires et al., 2001) and human (Krejza et al., 2005). Given this high 

degree of variability, small drug-induced changes in the waveform morphology likely got lost 

and were not consistently detectable as they were overwhelmed by naturally occurring 

changes. Indeed, the majority of SPAR metrics related waveform morphology were not 

suitable to detect drug-induced changes in the renal signal, as shown in the heatmap in Figure 

62. On the other hand, a couple of metrics related to changes in variability stood out; 

maxrden, dspread1 and bandwidth displayed ROC AUC values between 0.60 and 0.70. As 

detailed in section 5.3.2.2., maxrden is inversely related to wave variability and dspread1 and 

the bandwidth are directly related to the variability. These metrics indeed detected drug-

induced changes. Potentially, an increase in wave variability could be related to a small 

physiological change in the cardiovascular system, while a decrease in wave variability could 

be indicating a large disruption of the blood supply to the kidney and subsequent activation 

of auto-regulatory mechanisms, leading to a controlled environment and little wave 

variability. This is further discussed below, in section 5.4.2.2.  
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Mesenteric signal  

To quantify the variability changes in the mesenteric flow wave, maxden was selected, which 

was a good indicator for wave variability changes in this study. Furthermore, the mesenteric 

Doppler signal showed less natural variability than the renal signal, therefore changes in 

morphology metrics were less variable and could be linked to changes in wave morphology. 

Three metrics to quantify morphology changes were selected: avPP, rQ75 and 

vwmediannorm. These three metrics showed large differences between the sunitinib- and 

vehicle-treated groups and appeared suitable metrics to detect an increase in wave reflection 

in the mesenteric wave. 

 

With several metrics, in particular vwmediannorm, large changes in metrics in the vehicle 

group were observed. Subsequently, drugs were often offsetting that effect rather than 

directly changing the metric from baseline. This observation was made especially in the R406 

and entospletinib studies. For example, in Figure 68, a significant increase in vwmediannorm 

within the vehicle group was detected. Another example is the changes in metric maxden; in 

vehicle group in Figure 68, a large decrease in maxden was present (indicating an increase in 

wave variability), while the drug treatment nullified that effect and resulted a stable maxden 

around baseline throughout the three days. These changes in the SPAR metrics over time in 

the vehicle-treated animals could indicate two possibilities: (1) an increase in variability 

suggesting that the animals had a low variability at the beginning of experiment and needed 

perhaps more time to recover from surgeries before the start of study, or (2) animals were 

exposed to stress (e.g. due to single-housing) during three days of study and this directly 

affected the waveforms. Ideally no large drifts would be observed in the metrics in vehicle 

group, so that effect observed in drug-treated group can be related to true drug-induced 

effects alone, instead of the changing metric over time combined with the drug-induced 

effects. A potential solution to improve these drifts from baseline would be to use a telemetry 

set-up to detect the flow waves. This concept is described more in detail below (section 

5.4.3.). 
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Aortic (hindquarters) signal  

The flow wave recorded in the abdominal aorta (to hindquarters) generally showed very 

pronounced effects of wave reflection, as shown by the flow waves in the Appendix, Figure 

97. Therefore, associated attractor showed a slightly different morphology, displaying large 

loops (Figure 97) rather than thin arms. Given that the waves and attractor had such different 

morphologies to start with, compared to the mesenteric signal for example, extra care was 

taken when interpreting the physiological meaning of each selected metric.  

 

To quantify changes in wave variability, two metrics were selected: maxrden and dspread3. 

Both these metrics are inversely related to wave variability and were therefore expected to 

change in the same direction within treatment groups. This was the case for sunitinib (Table 

17). However, these two metrics yielded contradicting results regarding the effect of 

entospletinib. An increase in maxrdens indicated a decrease in variability, while the decrease 

in dspread3 suggested an increase in variability. Despite the fact that these changes were 

indicating opposite variability changes, the magnitude of the entospletinib-induced changes 

was small compared to the effects observed in the sunitinib group and perhaps these 

contradictory observations were of little physiologically relevance. 

  

To quantify the wave morphology changes, rQ25 and vwmaxnorm were selected, and showed 

significant changes, linked to a vasoconstriction, in the sunitinib group. Entospletinib-induced 

changes in the morphology metrics rQ25 and vwmaxnorm were however hard to link to 

attractor changes. As described in section 5.3.2.4., in the sunitinib-treated animals a decrease 

in these metrics was linked to an increase in wave reflection, thus to a vasoconstriction in the 

downstream vascular bed. With entospletinib, an increase in these metrics was observed. The 

increase in rQ25 was linked with opening of attractor and lower density in the centre of the 

attractor, as expected (Figure 75). However, when looking at the raw waveform, this was not 

associated with a decrease in wave reflection. In contrary, a flattening of the interbeat interval 

was observed (Figure 75B), indicating an increase in wave reflection. In summary, both an 

increase and decrease in rQ25 could be linked to an increase in wave reflection, therefore this 

metric is likely not ideal for detection of waveform changes of aortic flow.  
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Figure 74: Example of increase in metric rQ25 in the aortic flow wave following entospletinib administration. (A) shows 
the wave, attractor and radial density plot of an animal during the baseline recording. (B) shows the wave, attractor and 
radial density plot of the same animal, 5h after entospletinib-bolus dosing. The increase in rQ25 (0.0023833 units in (A) versus 
0.003539 units in (B) was linked with a decrease in density in the centre of the attractor. However, in the waveform, an 
increase in wave reflection (demonstrated by flatter interbeat interval) was observed, indicating a vasoconstriction 
downstream of the aortic probe.  

Similarly, changes in vwmaxnorm in the entospletinib group were hard to link to attractor 

changes and waveform changes for the following two reasons: (1) changes within the group 

were small and the increasing effect on vwmaxnorm was due to offsetting of the decrease of 

this metric in the vehicle group, rather than a direct increase in the entospletinib group, and 

(2) waves had variable baseline morphologies and therefore it was challenging to identify 

trends in wave morphology changes within the group.  

 

Overall, the selected metrics were not particularly useful to detect changes in the aortic wave 

here. Although these metrics were initially selected based on their good ROC AUC values 

(section 5.2.3.4.), perhaps other (new) attractor metrics would be better to quantify subtle 

drug-induced changes as observed visually in the waves. Assessing the effect of a vasodilator 

on the aortic flow wave and related SPAR metrics would be a helpful additional study, 

providing clarification in the relationship between the metrics and physiological changes in 

the cardiovascular system. 
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Summary 

In summary, SPAR was able to detect changes in the four waves discussed in this Chapter, 

however caution is required when interpreting changes in its metric. Given that a large 

amount of data became available following this analysis, more work is needed to pinpoint 

relevant metrics and clarify their interpretation. Vasoconstrictions affected the flow waves 

differently than BP, therefore not all interpretation of the SPAR metrics in BP waves could be 

transferred to the blood flow waves. For example, an increase in wave reflection of a blood 

pressure wave was correlated to the opening of an attractor. In contrast, an increase in wave 

reflection was linked to the closing of the attractor in the mesenteric flow. Similarly, flows 

recorded at different positions in the vasculature showed distinct differences in morphology 

and in morphology changes following drug treatment, hence each individual metric should be 

properly validated per signal type. In this study, the appropriate controls to perform such 

validation were lacking as for example no compounds with vasodilatory actions were 

included. In particular the interpretation of aortic flow metrics should be conducted with 

caution as for now. 

 

Nonetheless, the findings in this Chapter served as a proof of principle that SPAR is a feasible 

method for in-depth wave analysis of the blood flow waves. The method has potential to be 

further developed and validated for in-depth analysis to provide detailed information on 

blood flow wave changes. Optional further steps for validation of SPAR in the Doppler model 

are detailed below (section 5.4.3). 
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5.4.2.2. Discussion of drug effects 

Below, the drug-induced effects on SPAR metrics are discussed. 

 

Sunitinib 

In contrast to findings from Chapter 4, where sunitinib caused little changes in the BP SPAR 

metrics, here clear and significant changes were observed in the BP SPAR metrics. This is most 

likely due to the difference in dosing schedule between the two studies; in Chapter 4, animals 

were orally dosed at 7 mg.kg-1.day-1, while in this Chapter, animals received 16 mg.kg-1.day-1 

via an IV line. This larger dose was linked with large decrease in waveform variability and an 

increase in wave reflection, indicating a general vasoconstriction (Figure 59 and Table 14). 

Furthermore, from the SPAR metrics extracted from the mesenteric flow similar conclusions 

were drawn; the changes in avPP, rQ75 and vwmediannorm indicated a flattening of the 

interbeat interval of the flow wave, indicating a vasoconstriction in the mesenteric bed (Figure 

67 and Table 16). Furthermore, a decrease in the variability of the renal signal was observed 

following sunitinib dosing (Figure 63 and Table 15). This is presumably the result of the large 

increase in BP and decrease of renal VC induced by sunitinib, as demonstrated by the 

conventional analysis (Figure 52). To maintain a constant blood flow supply, several 

autoregulatory mechanisms are activated, such as the myogenic and tubuloglomerular 

feedback (Carlström et al., 2015; Post & Vincent, 2018). These autoregulatory changes aim to 

control the blood flow to the kidney, therefore permit little changes in the blood flow velocity 

and decrease the variability of the renal flow wave. Moreover, renal toxicity, in particular 

proteinuria and kidney disfunction, is a reported adverse drug effect of VEGFR2-inhibition 

(Hayman et al., 2012; Van Wynsberghe et al., 2021; Zhang et al., 2014), which could contribute 

as well to changes in waveform variability. Overall, this decrease in waveform variability was 

indicating stress on the cardiovascular system, as is indeed expected with sunitinib (Catino et 

al., 2018; Lankhorst et al., 2015; Van Wynsberghe et al., 2021). Lastly, in the aortic waves a 

decrease in waveform variability and increase in wave reflection was observed as well, once 

more indicating a regional vasoconstriction (Figure 71 and Table 17).  

 

In summary, the SPAR analysis of the sunitinib study indicated (1) an overall decrease in 

waveform variability, indicating stress on the cardiovascular system and (2) an overall (from 
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BP) and regional (from mesenteric and aortic flow) vasoconstriction. These effects were the 

anticipated response of this VEGFR2-inhibitor (Carter et al., 2017), and in line with results so 

far in this thesis. Indeed, in Chapter 3, telemetry studies showed a sunitinib-induced increase 

in BP, and the conventional analysis in this Chapter (section 5.3.1.) reported vasoconstrictions 

in all three vascular beds assessed.  

 

R406  

Overall, the effects on SPAR metrics observed following R406 dosing, were minimal. A 

decrease in the variability in the BP wave and renal flow wave was observed (Table 14 and 

16). These effects were opposite to the ones observed with sunitinib, suggesting that R406 

did not disrupt the balance of cardiovascular system to the same extent as sunitinib did. In 

contrast, the morphology variability of the mesenteric flow was increased (Table 16) and 

aortic flow variability was not affected (Table 17). Furthermore, the morphology metrics of 

the flow waves were little affected by R406-treatment (Table 14, 16 and 17). The mesenteric 

attractors and wave changed in a similar way as sunitinib, indicating a vasoconstriction in the 

mesenteric bed. This effect was not detected by the conventional analysis (section 5.3.1.2.) 

and indicated that SPAR was able to detect subtle effects on the mesenteric bed that were 

overlook in the VC analysis. On the other hand, the metrics extracted from the aortic flow 

changed in the opposite direction as observed with sunitinib. As detailed above (section 

5.4.2.1.), both an increase and decrease in these aortic metrics were linked to an increase in 

wave reflection, therefore theoretically, these observations were in line with the small 

vasoconstriction observed following the conventional analysis of the aortic VC. 
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As stated before, the dose of R406 was chosen based on literature to reflect plasma 

concentrations of patients undergoing fostamatinib treatment. However, in typical preclinical 

safety studies, the dose of the test compound includes and exceeds the primary 

pharmacodynamic or therapeutic range (International Conference on Harmonisation, 2001). 

These doses often reach 10x the expected clinical plasma concentration. Perhaps a higher 

dose (e.g. 5 mg/kg (M. Skinner et al., 2014), i.e. double the dose used in this study) would 

have produced more clear results regarding the regional effects of R406. 

 

Entospletinib  

Lastly, the effects of entospletinib on the SPAR metrics were investigated. Even though 

entospletinib didn’t affect the renal, mesenteric or aortic VC (section 5.3.1.3.), in-depth blood 

flow wave analysis using SPAR implied that entospletinib affected the flow velocity waves. 

Entospletinib caused an increase in wave variability in all signals, except for the mesenteric 

flow. Similar as with R406, this increase in variability of the waveform indicated rather subtle 

effects on the cardiovascular system, slightly increasing the variability of the waves. In terms 

of morphology, entospletinib changed all metrics in the same direction as observed with 

sunitinib (Table 14, 16 and 17). Although this effect was not detected in the conventional VC 

analysis, this observation indicated that entospletinib displayed vasoconstricting effects 

overall (conclusion from BP signal) and regionally (conclusion from mesenteric and aortic flow 

signal). Thus, consistent with the SPAR analysis in the telemetry studies (Chapter 4), the 

results from the SPAR analysis of Doppler flowmetry study suggested that entospletinib 

exerted subtle effects on the vasculature.  
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Summary 

Overall, the SPAR analysis performed in this Chapter provided additional insights into the 

cardiovascular safety profile of the Syk-inhibitors. Even though no changes in mesenteric VC 

were observed following R406 administration, SPAR metrics indicated a regional 

vasoconstriction in the mesenteric bed with this compound. This finding supports literature 

describing VEGFR2-inhibition as the main contributor to fostamatinib-induced hypertension 

(M. Skinner et al., 2014). Similarly, entospletinib did not affect the VCs but showed clear 

indications of increased wave reflection in the SPAR analysis, again in line with results from 

Chapter 4 and suggesting subtle vasoconstricting effects in both the mesenteric and 

hindquarters bed. In summary, as far as the selected SPAR metrics were interpretable and 

changed consistently within each group of drug treatment, this analysis supported 

conclusions from pervious Chapters that R406 and entospletinib showed effects of 

vasoconstriction. Hence, SPAR is a method with potential to detect subtle changes in the 

cardiovascular system that are overlooked when assessing mean VCs only.  
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5.4.3. Limitations of this study and further directions  

As mentioned throughout the discussion, several limitations have impeded this study. Firstly, 

no compounds with vasodilating effects were included. Investigating how vasodilators affect 

the SPAR metrics in the Doppler model would potentially shed light on how the flow attractors 

metrics are related to changes in the waveform. This would aid in understanding the metrics’ 

interpretation, in particular for the aortic signal, and assist in the further validation of the 

SPAR method.  

 

Another issue in this study was related to the quality of the wave signals. Firstly, the 

dampening of the BP wave over time complicated the SPAR analysis of this signal. 

Additionally, both in the BP metrics and flow metrics, large drifts over time in morphology 

metrics were observed in the vehicle-treated animals, potentially indicating stress of the 

animals. Both these issues could be prevented by using a radiotelemetry set-up to measure 

the flow waves. Telemetry methods using a solid-state tip in the blood pressure catheter are 

available. Such solid-state tips measure BP directly, instead of indirectly as the fluid-filled tip, 

and do not suffer from signal diminution as often (AD Instruments & Williams, 2022). 

Moreover, using a telemetry set-up would reduce the stress-exposure to the animals, as (1) 

animals can be chronically instrumented and given sufficient time to recover from surgery 

before the start of the experiment and (2) animals can be freely moving and housed with a 

cage mate. This is in contrast to the Doppler model, where experiments started within 24h 

post-surgery and rats were single-housed and tethered during experimentation. Indeed, 

telemetry methods using transit-time flow probes to record blood flow waves are currently 

being developed (Arnall et al., 2017; Brijs et al., 2019).  
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In this study, doses were selected to reflect plasma concentrations in patients undergoing 

therapy with these compounds. This resulted in a dose of 2.5 mg.kg-1.day-1 for R406 and 0.4 

mg.kg-1.day-1 for entospletinib, which were considerably lower concentrations than used for 

sunitinib (16 mg.kg-1.day-1). Administering higher dose of R406 and entospletinib would have 

mirrored typical safety pharmacology studies, where doses usually exceed the therapeutic 

range (International Conference on Harmonisation, 2001). Moreover, the lack of clear SPAR 

results of R406 could be connected to the low dose used and administration of higher doses 

would perhaps have yielded more apparent changes induced by R406. Lastly, it would be 

helpful to understand if higher doses of entospletinib displayed an effect on the MAP or VC. 

 

Lastly, a couple of factors compromised the interpretation of the SPAR metrics for the flow 

signal. A lot of inter-animal variability was observed in the aortic and renal flow waves, for 

example indicated by smaller mean dspread3 values in the renal signal (0.001) compared to 

the BP signal (0.028) and larger mean dspread1 values (0.82 in renal signal versus 0.68 in BP 

signal). This high variability impeded the visual detection of wave reflection effects to link 

those to SPAR metric changes. Therefore, a useful follow-up analysis would be to assess 

simulated flow waves in SPARKS. Using computational data presents the opportunity to tweak 

certain parts of the wave and investigate subsequent effects on the attractors, facilitating the 

investigation of single components of the wave, rather than deciphering a constantly 

changing wave from an animal (Alastruey et al., 2016; Willemet & Alastruey, 2015). As such 

databases are publicly available (Peter H. Charlton et al., 2019), this is an evident next step to 

further validate the SPAR model for its application on blood flow velocity waves. Furthermore, 

performing multivariate analysis could strengthen the potential application of SPAR, as 

combining several attractor metrics with conventional parameters could probably 

characterise the cardiovascular effects of a compound more comprehensively than either 

analysis alone, and aid in classifying the safety risk of new drugs. 
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5.5. Chapter conclusion 

The aim of this Chapter was to follow-up on the findings of Chapter 4, where subtle changes 

in waveform morphology were found following fostamatinib or entospletinib administration 

in rats. Here, the cardiovascular risk of these Syk-inhibitors was further characterised by 

assessing the two compounds in the pulsed Doppler flowmetry model and determining their 

effect on the renal, mesenteric and aortic blood flow velocity. The conventional analysis, 

looking at VC, was performed, followed by in-depth analysis of both pressure and flow waves. 

Furthermore, the sunitinib study performed by Dr. Edward Wragg was included here, serving 

as a reference point for the typical responses obtained with a VEGFR2-inhibitor.  

 

Results showed that R406 did not affect the HR, MAP or mesenteric VC, but displayed small 

decreases in the VC to the renal and hindquarters beds. These decreases in VC mirrored 

results of sunitinib but had a smaller magnitude. Changes in the variability of the renal flow 

wave, and in the morphology of the mesenteric and hindquarters flow waves were reported 

by SPAR analysis. Even though the interpretation of these results was sometimes ambiguous, 

overall the changes indicated a vasoconstriction following R406 administration.  

 

Entospletinib showed small responses in HR and MAP but did not affect the VC in any vascular 

bed in the conventional analysis. However, SPAR detected entospletinib-induced changes in 

both the pressure wave and the flow waves, similar to the ones observed with sunitinib. 

Again, these effects were generally smaller than the ones of sunitinib but nonetheless 

suggested that entospletinib displayed some subtle vasoconstricting effects in the 

cardiovascular system.  

 

From the results in this Chapter, SPAR seemed a suitable method to perform detailed analysis 

of the blood flow waves recorded in the Doppler model and provided insights into the 

cardiovascular safety of entospletinib that went undetected in the conventional analysis. Yet 

more validation of the method is needed before interpretation of these results can be 

performed confidently and conclusive evidence can be provided.  
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6.1. Chapter introduction 

The main driver of fostamatinib-induced hypertension is VEGFR2-inhibition (Rolf et al., 2015; 

M. Skinner et al., 2014). Entospletinib, one of the second generation Syk inhibitors, is more 

selective (Currie et al., 2014; D. Liu & Mamorska-Dyga, 2017). This second compound has been 

suggested to have a more rigid chemical structure, and is therefore structurally more 

restricted to a conformation that does not fit into the kinase domain of VEGFR2 (Currie et al., 

2014). So far, no VEGFR2-related cardiovascular safety liabilities have been reported in Phase 

I and Phase II clinical trials of entospletinib (Burke et al., 2018; Danilov et al., 2020; Lam et al., 

2021; Morschhauser et al., 2021; J. Sharman et al., 2015). 

 

VEGFR2 is expressed on the cell surface of endothelial cells (EC), lymphatic endothelial cells, 

adipocytes and several epithelial cell types and acts as the key regulator in EC proliferation 

and migration (Ferrara, 2004; Holmes et al., 2007; Koch et al., 2011). In this way, VEGFR2 plays 

an important role in angiogenesis and permeability changes of the vasculature (Ferrara, 2004; 

Holmes et al., 2007; Koch et al., 2011). In oncology, VEGF and its receptor are well known to 

be involved in tumour development and metastasis (Carmeliet, 2005; Ferrara & Adamis, 2016; 

Gotink & Verheul, 2010). The activation of the VEGF/VEGFR2 pathway in cancer promotes the 

formation of new blood vessel branches to the tumour from pre-existing vasculature, 

providing the cancer cells with nutrients and oxygen and allowing for further tumour growth 

(Carmeliet, 2005; Ferrara & Adamis, 2016; Gotink & Verheul, 2010). Therapies targeting this 

angiogenic pathway have been partially successful as adjuvants therapies in late stages of 

cancer, however their effective inhibition of tumour growth is accompanied by cardiovascular 

toxicity (Bono et al., 2011; Ferrara & Adamis, 2016; B. Liu et al., 2016). With antibodies 

targeting VEGF-A, as well as small molecule VEGFR2 inhibitors, elevated blood pressure and 

proteinuria are frequently reported adverse drug effects (Bono et al., 2011; Ferrara, 2004). 

High potency VEGFR2-inhibitors and multikinase inhibitors with low selectivity are associated 

with a higher incidence of hypertension than more moderate VEGFR2 inhibitors (H. X. Chen 

& Cleck, 2009; T. Collins et al., 2018). With growth factor receptor inhibition therapy in cancer, 

this anti-VEGF hypertension is often a dose-limiting factor (Izzedine et al., 2009; Jesus-

Gonzalez et al., 2012; Plummer et al., 2019), emphasizing the importance of adequate 

identification of drugs binding to this receptor.  
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As previously described in this thesis, entospletinib induced changes in the blood pressure 

and blood flow waveform (Chapter 4, section 4.4.3.2. and Chapter 5, section 5.3.2.), despite 

not changing the overall MAP or VC. To interrogate the mechanism behind these in vivo 

observations, a potential effect of entospletinib on VEGFR2 signalling was elucidated. For this, 

it was assessed whether entospletinib binds to VEGFR2 and whether it interferes with VEGF’s 

NFAT signalling. 

 

Firstly, an assay was designed that monitors direct interactions of the inhibitors at the kinase 

domain of VEGFR2, using nanoBRET and sunitinib-red. This BRET technique monitors the 

proximity of two component (e.g. proteins or small molecule inhibitors) (S. L. Cooper et al., 

2022; Stoddart et al., 2018; Wragg et al., 2022). The full details of the principle behind BRET 

are described before (section 2.4.5.). In brief, a nanoLuciferase tag was put on the C-terminal 

tail of VEGFR2, allowing for monitoring of close proximity (binding to the kinase domain) of 

sunitinib-red. This Chapter reports on how the different TKIs inhibited sunitinib-red binding, 

thus indicating which TKIs were binding directly at the intracellular site of VEGFR2. Secondly, 

a nuclear factor of activated T-cells (NFAT) reporter gene assay was used to determine 

inhibition of VEGF165a-induced VEGFR2 signalling. Previously described by Carter et al. (Carter 

et al., 2015), this assay was used here to identify TKIs that were interfering with the 

downstream signalling following VEGFR2 activation.  

 

In summary, to complement in vivo findings from previous Chapters and provide mechanistic 

insight, here the pharmacological interaction of fostamatinib and entospletinib at VEGFR2 

were characterised in vitro by:  

1. Optimising the use of sunitinib-red as a fluorescent tracer binding at VEGFR2-NL in the 

intracellular nanoBRET assay. 

2. Assessing binding affinities for VEGFR2-NL of the Syk inhibitors and a range of TKIs, 

using the intracellular nanoBRET assay, to confirm the selectivity profiles of 

entospletinib and fostamatinib. 

3. Assessing functional inhibition of the VEGFR2/NFAT signalling pathway by the Syk 

inhibitors and a range of TKIs. 
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6.2. Chapter methodology 

6.2.1. Selected TKIs to assess in vitro effects 

Nine compounds were selected to test in vitro, with the aim of covering a range of inhibitors 

targeting cytoplasmic kinases and receptor kinases, with a varying affinity for VEGFR2. An 

overview of the nine inhibitors, their main targets and clinical applications are presented in 

Table 19. First, four Syk inhibitors were selected; first-generation compound fostamatinib and 

its active metabolite R406, and second-generation compounds entospletinib and 

cerdulatinib. The latter two are reported not to bind VEGFR2 at clinically relevant 

concentrations (Coffey et al., 2014; Currie et al., 2014; D. Liu & Mamorska-Dyga, 2017). 

Additionally, five other TKIs were selected. These compounds were selected to obtain a range 

of TKIs with varying VEGFR2 affinities. Cediranib, sunitinib and motesanib are known growth 

factor receptor inhibitors that are binding VEGFR2 (Davis et al., 2011) and displaying the 

cardiovascular side effects mentioned above (Catino et al., 2018; Gotink & Verheul, 2010; E. 

S. Robinson, Matulonis, et al., 2010). Dasatinib does not target VEGFR2 primarily but inhibits 

several other membrane and cytoplasmic tyrosine kinases (targets BCR-ABL and the PDGFRs) 

(Cheng & Force, 2010; Davis et al., 2011). This compound causes pulmonary hypertension 

(Guignabert et al., 2016; Montani et al., 2012; Weatherald et al., 2017). Lastly, erlotinib is a 

selective EGFR inhibitor, included here as negative control as it does not bind to VEGFR2 

(Davis et al., 2011).  
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Table 19: Overview of nine tested compounds, their main targets and clinical application.  

Compound Main targets  

(non-exhaustive) 

Applications in clinic 

(non-exhaustive)  

References 

Cediranib VEGFRs, PDGFRs 

Anti-angiogenic agent, in 

development for various cancer 

types (metastatic colorectal cancer  

and ovarian cancer) 

(Davis et al., 2011; Ferrara & 

Adamis, 2016; J. F. Liu et al., 

2014; Neves et al., 2020) 

Sunitinib VEGFRs, PDGFRs, c-KIT 

Anti-angiogenic agent in various 

cancer types (advanced renal cell 

carcinoma, gastrointestinal stromal 

tumours and pancreatic cancer)  

(Sun et al., 2003; Davis et al., 

2011; Ferrara and Adamis, 

2016; Neves et al., 2020) 

Motesanib VEGFRs, PDGFRs 

Anti-angiogenic agent, in 

development for various cancer 

types (thyroid tumor and non-small 

cell lung cancer) 

(Coxon et al., 2012; Davis et al., 

2011; Polverino et al., 2006; 

Rijavec et al., 2014) 

Dasatinib BCR-ABL, PDGFRs  

Antineoplastic agent in chronic 

myeloid leukemia and Ph+ acute 

lymphoid leukemia  

(Cheng & Force, 2010; 

Conchon et al., 2011; Davis et 

al., 2011; Montani et al., 2012) 

Erlotinib EGFR  
Antineoplastic agent in non-small cell 

lung cancer and pancreatic cancer  

(Cheng & Force, 2010; Davis et 

al., 2011; Van Cutsem et al., 

2009) 

Fostamatinib and 

active metabolite 

R406 

Syk (1st generation)  

Chronic immune thrombocytopenia, 

failed clinical trials for rheumatoid 

arthritis  

(Connell & Berliner, 2019; 

Davis et al., 2011; Mócsai et 

al., 2010; M E Weinblatt et al., 

2010) 

Cerdulatinib 
Syk (2nd generation) 

and Janus kinase  

In development for B-cell lymphoma 

and leukemia, atopic dermatitis  

(Coffey et al., 2014; D. Liu & 

Mamorska-Dyga, 2017; 

Piscitelli et al., 2021) 

Entospletinib Syk (2nd generation)  

In development for chronic 

lymphocytic lymphomas, non-

Hodgkin lymphomas and 

autoimmune disorders  

(Currie et al., 2014; D. Liu & 

Mamorska-Dyga, 2017; J. 

Sharman et al., 2015) 
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6.2.2. NanoBRET assay 

Full details on the nanoBRET experimental technique are described in Chapter 2, section 

2.4.5.3. In brief, HEK293 T cells were transiently transfected with the VEGFR-NL construct, 

approximately 20 h before experimentation. On the day of experimentation, cells were pre-

treated with 1 nM VEGF165a for 15 min, followed by increasing concentrations of sunitinib-red 

(0.1 nM – 1000 nM) in the absence or presence of 100 M cediranib to obtain a saturation 

binding curve. Competition experiments were performed with 30 nM sunitinib-red in the 

presence of unlabelled inhibitor (0.01 nM – 100 M). Cells were incubated for 1 h at 37 °C to 

reach equilibrium. Furimazine (1:400) was added to each well and plates were incubated for 

a further 10 min at 37 °C/5% CO2 before BRET was measured. Cells were then lysed using 

NanoGlo® lytic buffer at room temperature for 10 min before BRET was measured a second 

time. Donor and acceptor emissions were read at room temperature using a PHERAstar FS 

plate reader (BMG Labtech, Germany) using a filter for 460 – 80 nm for donor NanoLuc 

emission (gain 1400) and a > 610 nm longpass filter for acceptor sunitinib-red emission (gain 

3600). BRET ratios were calculated as acceptor/donor emission values from the second of 

three cycles. All luminescence and fluorescence signals were read with a white backing tape 

(PerkinElmer, Beaconsfield, UK) attached to the bottom of the plate. Figure legends state 

where different experimental conditions were used. 
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6.2.3. NFAT assay 

The experimental details of the NFAT assay used in this thesis are described fully in Chapter 

2, section 2.4.6. As previously described by Carter et al. (Carter et al., 2015), NFAT-ReLuc2P 

HEK293 cells stably expressing NLuc-VEGFR2 were serum-starved for 24 h before 

experimentation, i.e. incubated in FCS-free medium. This was done to reduce the interference 

of FCS on the NFAT pathway, as this serum contains several growth factors that activate 

several cell signalling  pathways (Hill et al., 2001). Incubating the cells for 24 h in medium 

without FCS reduces this effect and produces a response specific to the investigated activator 

(Hill et al., 2001), in this case VEGF165a. A concentration-response curve was obtained with 

increasing concentrations of VEGF165a (10 pM – 10 nM), and to determine the interference of 

inhibitors on the signalling pathway, cells were pre-treated with increasing concentrations of 

inhibitor (10 pM – 10 M) for 1 h, followed by VEGF165a (1 nM) or ionomycin (1 M). Plates 

were incubated for 5 h at 37 °C to allow for luciferase gene transcription and translation. Next, 

ONE-Glo luciferase reagent was added and following a 5-minute delay, luminescence was 

measured using a TopCount plate reader (Perkin Elmer, UK). All luminescence was read with 

a white backing tape attached to the bottom of the plate. 
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6.3. Chapter results 

6.3.1. Optimisation of the use of sunitinib-red in the nanoBRET assay 

Firstly, to characterise the use of sunitinib-red as a fluorescent tracer in this intracellular 

nanoBRET assay, BRET ratios were determined following 1 h incubation with 100 nM 

sunitinib-red in intact cells and lysed cells (Figure 76). In intact cells, when comparing the 

vehicle-treated wells to sunitinib-red treated wells, no increase in BRET ration was observed 

under any experimental conditions (Figure 76A). After cell lysis (Figure 76B), BRET ratio was 

increased in the wells treated with sunitinib-red compared to the vehicle-treated wells 

(paired t-test, p<0.05). Increasing the furimazine concentration did not improve the signal 

window. With prolonged furimazine incubation (1 h instead of 10 min), the signal window 

was decreased (One-way ANOVA with post hoc Tukey’s multiple comparison test, p<0.05). 

The absence or presence of VEGF165a did not affect the BRET signal significantly (One-way 

ANOVA with post hoc Tukey’s multiple comparison test). 

 

Based on this initial optimisation step, the standard protocol for further experimentation was 

established as described in section 6.2.2; cells were pre-treated with 1 nM VEGF165a for 15 

min, followed by a 1 h incubation with sunitinib-red and inhibitor. Next, cells were incubated 

with furimazine (1:400) at 37 C for 10 min and then lysed for 10 min at room temperature 

before BRET ratios were determined. Under this standard protocol, a saturation binding curve 

of sunitinib-red at VEGFR2-NL was obtained (Figure 77). Sunitinib-red showed saturable 

binding at the receptor, and this binding was inhibited by 100x molar excess of cediranib, an 

unlabelled RTKI (Figure 77A). Specific binding of sunitinib-red is showed in Figure 77B (-log KD 

= 7.29 ± 0.06). 
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Figure 75: Binding of 100 nM sunitinib-red VEGFR2-NL. (A) HEK293T cells expressing VEGFR2-NL were pre-incubated in the 
presence (in red) or absence (in grey) of 1 nM VEGF165a for 15 min, followed by 100 nM sunitinib-red for a further 1 h at 37 
°C/5% CO2. Furimazine (1:400) was added to each well and the plates were incubated for a further 10 min at 37 °C/5% CO2 
before BRET ratios were determined. In some wells, furimazine was added at higher concentrations (1:200 or 1:100; orange 
and yellow respectively). In other wells, furimazine (1:400) was added at the same time as sunitinib-red (in green). (B) The 
cells in (A) were lysed using NanoGlo® lytic buffer at room temperature for 10 min and BRET measured a second time. Data 

are presented as mean  S.E.M from 5 individual experiments (n=5) in triplicates. A paired t-test was conducted to test for 
differences between vehicle-treated wells and sunitinib-red-treated wells within the same experimental conditions (* = 
p<0.05). Furthermore, a one-way ANOVA with post hoc Tukey’s multiple comparison test was used to test for significant 
differences between sunitinib-red treated wells following lysis in the presence of furimazine 1:400 (# = p<0.05). There was no 
significant difference between the data obtained in the presence or absence of 1 nM VEGF165a (p>0.05; one-way ANOVA with 
post hoc Tukey’s multiple comparison test). 
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Figure 76: Saturation binding of sunitinib-red to VEGFR2-NL. (A) HEK293T cells expressing VEGFR2-NL were treated with 
increasing concentrations of sunitinib-red. Graph shows total binding (filled circles, sunitinib-red) and non-specific binding 

(open circles, sunitinib-red + 100 M cediranib) after cell lysis. To conserve sunitinib-red, this assay was performed in white 
half-well 96 well plates (Corning Incorporated, New York, USA). A total volume of 25 μL was used and cells were plated at 

10,000/well and transfected with 0.05 g cDNA. The gain for the 460 nm channel was adjusted to 2400 for an optimal signal 
window. (B) Specific binding of sunitinib-red, calculated as BRET ratio(total binding) – BRET ratio(non-specific binding). Data 

are presented as mean  S.E.M from 5 individual experiments (n=5) in triplicates. 
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Figure 77: Time course of sunitinib-red-induced changes in BRET ratio, under different experimental conditions. (A) 
Standard conditions as described before; cells were pre-incubated with 1 nM VEGF165a for 15 min, followed by sunitinib-red 

(100 nM, 30 nM or 10 nM) and cediranib (100 M) as required, for a further 1 h at 37 °C/5% CO2. Furimazine (1:400) was 
then added to each well (t=0) and BRET was measured at 25C, every 60s. After 10 min (t=10), lysing buffer was added to 

each well, and BRET was measured at 25C for a further 50 min. (B) was obtained in the same conditions at (A), except that 

incubation from t=0 was at 37C. (C) Following the 15-minute pre-incubation with 1 nM VEGF165a, furimazine (1:400) and 

lysing buffer were added at the same time (t=0) and BRET was measured at 25C, every 60s. After 10 min (t=10), sunitinib-

red and cediranib were added in the appropriate wells and BRET was measured at 25C for a further 50 min. (D) was obtained 

in the same conditions at (C), except that incubation from t=0 was at 37C. (E) was obtained in the same conditions as (A), 
except that incubation with furimazine was performed for 45 min, before lysing buffer was added (t=45). (F) was obtained 

under the same conditions as (E), except that incubation from t=0 was at 37C. Data are presented as mean  S.E.M from 5 
individual experiments (n=5) in triplicates.  
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To further characterise the sunitinib-red-induced BRET signal before and after cell lysis, 

kinetic experiments under different conditions were performed (Figure 78). The standard 

protocol as described in section 6.2.2. is represented in Figure 78A and 78B (BRET measured 

at 25 C and 37 C respectively). In both cases, no BRET signal was observed before cells were 

lysed. Lysing of the cells resulted in a rapid increase in the BRET signal, indicating sunitinib-

red was able to bind to the intracellular site of the receptor. At 25 C, the BRET signal was 

stable, at 37 C the BRET signal declined more quickly. Next, the effect of simultaneous 

addition of furimazine and lysing buffer, before sunitinib-red treatment, was investigated 

(Figure 78C and 78D, BRET measurements at 25 C and 37 C respectively). In both cases, 

additon of sunitinib-red resulted in a rapid increase in BRET ratio, however smaller maximum 

responses were obtained than in Figure 78A and 78B. Interestingly, an initial increase in BRET 

signal was observed in sunitinib-red+cediranib treated wells in Figure 78C, before the signal 

returned to baseline values, indicating sunitinib-red bound faster to VEGFR2 than cediranib. 

This was further investigated and reported in section 6.3.4. below. Lastly, to investigate if 

prolonged furimazine incubation, prior to cell lysis, would recapitulate findings from Figure 

78A and 78B, were cells were incubated for 1 h with sunitinib-red+inhibitor, followed by 

furimazine addition and 45 min of BRET baseline recording before cells were lysed. The results 

of these experiments are displayed in Figure 78E and 78F (BRET measurements performed at 

25 C and 37 C respectively). Within this 45 min furimazine incubation, no BRET signal 

developed. Only after cell lysis, the BRET ratio increased. This result was in line with Figure 

76A, showing that 1 h incubation with furimazine and sunitinib-red, without cell lysis, was not 

able to produce a BRET signal. In summary, these experiments showed that sunitinib-red was 

only able to produce a BRET signal after cell lysis, indicating this fluorescent derivative of 

sunitinib is not cell-membrane permeable. 
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Figure 78: Time course of changes in BRET ratio induced by five different sunitinib-red concentrations. (A) was obtained 
under the same experimental conditions as Figure 3C, with 2 additional concentrations of sunitinib-red (300 nM and 3 nM). 

Graphs shows total binding (filled circles, sunitinib-red) and non-specific binding (open circles, sunitinib-red + 100 M 
cediranib). From these data, common values for kon and koff rate constants were obtained for sunitinib-red binding in the 
absence of inhibitor in GraphPad Prism. (B) Specific binding of sunitinib-red obtained at 61 min, calculated as BRET ratio(total 

binding) – BRET ratio(non-specific binding) at different concentrations of sunitinib-red. Data are presented as mean  S.E.M 
from 5 individual experiments (n=5) in triplicates. 

 

Kinetic parameters of sunitinib-red binding to VEGFR2 were determined by repeating the 

experimental conditions of Figure 78C with 2 additional sunitinib-red concentrations (Figure 

79A). Using the data obtained during the 20 min after addition of 3 nM, 10 nM, 30 nM and 

100 nM sunitinib-red, the shared values of kon, koff, and KD were determined in GraphPad 

prism and are shown in Table 20. Sunitinib-red displayed a quick association rate constant (kon 

= 3.96 x 107 M-1.min-1) and short retention time at the receptor (1/koff = 1.32 min). 

Furthermore, from the 61st min of this experiment, a saturation binding curve was obtained 

by plotting the specific binding BRET ratio (Figure 79B). This plot yielded a -log KD of 7.57, 

similar to the one obtained in Figure 77.  
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6.3.2. Displacement of sunitinib-red at VEGFR2-NL by TKIs 

Next, the nine selected TKIs (Table 19) were tested for their ability to displace 30 nM sunitinib-

red at VEGFR2-NL (Figure 79). Five inhibitors were able to inhibit the BRET signal: unlabelled 

sunitinib (Figure 80A), cediranib (Figure 80B), motesanib (Figure 80C), fostamatinib (Figure 

80D) and its active metabolite R406 (Figure 80E). Interestingly, with increasing concentrations 

of unlabelled sunitinib a biphasic curve was obtained, showing an increase in BRET ratio at 

sunitinib concentrations above 1 M. This indicated autofluorescence of the unlabelled 

version of sunitinib and was further explored in section 6.3.6. This BRET signal was fitted to 

bespoke equation 8 in Chapter 2 (section 2.4.7.2.) and resulted in a logKI of -8.20  0.13. 

Cediranib and motesanib showed similar affinities as unlabelled sunitinib, displacing 30 nM 

sunitinib-red with a logKI of -8.24  0.12 and -8.01  0.10 respectively (Cheng-Prusoff 

equation). Fostamatinib and R406 displayed a more moderate inhibition of the BRET signal, 

with logKI of -6.71  0.12 and -6.44  0.11 respectively. All values of logKI are displayed in 

Table 21. Erlotinib, a selective EGFR inhibitor (Figure 80F), and dasatinib, targeting BCR-ABL 

and the PDGFRs (Figure 80H), were not affecting the BRET ratio at concentrations up to 1 M. 

Similarly, the selective Syk inhibitors entospletinib and cerdulatinib did not affect the BRET 

signal at concentrations relevant to clinical plasma levels of these compounds (Figure 80G and 

80I). 
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Figure 79: Inhibition of binding of 30 nM sunitinib-red to VEGFR2-NL by selected TKIs. BRET ratios are presented as a 

percentage of the specific binding of 30 nM sunitinib-red. Non-specific binding was determined in the presence of 100 M 
cediranib. Data were obtained under the standard experimental conditions as described in section 6.2.2. and BRET ratio was 

determined in lysed cells. Data are presented as mean  S.E.M from 5 individual experiments (n=5) in triplicates. (A) unlabelled 
sunitinib; (B) cediranib; (C) motesanib; (D) fostamatinib; (E) R406; (F) erlotinib; (G) cerdulatinib; (H) dasatinib; (I) 
entospletinib. 

  

-10 -9 -8 -7 -6 -5

0

20

40

60

80

100

120

140

160

log[Sunitinib] (M)

B
R

E
T

 R
a
ti
o

(%
 o

f 
3
0
n
M

 S
u
n
-R

e
d
)

-9 -8 -7 -6 -5 -4

0

20

40

60

80

100

120

log[Fostamatinib] (M)

B
R

E
T

 R
a
ti
o

(%
 o

f 
3
0
n
M

 S
u
n
-R

e
d
)

-11 -10 -9 -8 -7 -6 -5

0

20

40

60

80

100

120

140

log[Cerdulatinib] (M)

B
R

E
T

 R
a
ti
o

(%
 o

f 
3
0
n
M

 S
u
n
-R

e
d
)

-11 -10 -9 -8 -7 -6 -5

0

20

40

60

80

100

120

log[Cediranib] (M)

B
R

E
T

 R
a
ti
o

(%
 o

f 
3
0
n
M

 S
u
n
-R

e
d
)

-9 -8 -7 -6 -5 -4

0

20

40

60

80

100

120

log[R406] (M)

B
R

E
T

 R
a
ti
o

(%
 o

f 
3
0
n
M

 S
u
n
-R

e
d
)

-11 -10 -9 -8 -7 -6 -5

0

20

40

60

80

100

120

log[Dasatinib] (M)

B
R

E
T

 R
a
ti
o

(%
 o

f 
3
0
n
M

 S
u
n
-R

e
d
)

-11 -10 -9 -8 -7 -6 -5

0

20

40

60

80

100

120

log[Motesanib] (M)

B
R

E
T

 R
a
ti
o

(%
 o

f 
3
0
n
M

 S
u
n
-R

e
d
)

-11 -10 -9 -8 -7 -6 -5

0

20

40

60

80

100

120

log[Erlotinib] (M)

B
R

E
T

 R
a
ti
o

(%
 o

f 
3
0
n
M

 S
u
n
-R

e
d
)

-11 -10 -9 -8 -7 -6 -5

0

20

40

60

80

100

120

log[Entospletinib] (M)

B
R

E
T

 R
a
ti
o

(%
 o

f 
3
0
n
M

 S
u
n
-R

e
d
)

A B C

D E F

G H I



Chapter 6: In vitro results   

 284 

6.3.3. Inhibition of VEGFR2 signalling by TKIs 

Following the determination of binding affinities at VEGFR2 of the nine TKIs, their effect on 

the functional signalling of VEGFR2 was assessed. First, an NFAT response curve with 

increasing concentration of VEGF165a (1 pM – 10 nM) was obtained as described in section 

6.2.3. With increasing concentrations, VEGF165a showed a clear increase in luminescence 

(Figure 81), with a -logEC50 of 9.85 ± 0.11.  

 

 

Figure 80: NFAT-mediated gene transcription in response to VEGF165a. HEK293 cells stably expressing the NFAT ReLuc2P 
vector and NL-VEGFR2 were stimulated for 5 h with increasing concentrations of VEGF165a (1 pM – 10 nM) at 37C before 

luminescence was measured. Values are normalised to the 10 nM VEGF165a response. Data are presented as mean  S.E.M 
from 5 individual experiments (n=5) in triplicates. 

 
Next, to determine the functional inhibition of the TKIs, cells were treated with 1 nM VEGF165a 

combined with increasing concentrations of the inhibitor. First, the effect of sunitinib-red on 

the NFAT-induced luciferase production was assessed. With concentrations that induced a 

clear response in the BRET assay (3 nM – 300 nM), no significant effect on the NFAT response 

was observed (Figure 82), indicating that over the 5 h period of incubation, sunitinib-red was 

likely not entering the intact cells and therefore not inhibiting VEGFR2 signalling.  
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Figure 81: The effect of different concentrations of sunitinib-red on the VEGF165a-induced NFAT response. HEK293 cells 
stably expressing the NFAT ReLuc2P vector and NL-VEGFR2 were pre-treated for 1 h with sunitinib-red. Next, 1 nM VEGF165a 

was added and cells were incubated for a further 5 h at 37C before luminescence was measured. Data are normalized to the 

maximal response to 1 nM VEGF165a in the absence of sunitinib-red. Data are presented as mean  S.E.M from 5 individual 
experiments (n=5) in triplicates. A one-way ANOVA with post hoc Tukey’s multiple comparison test was conducted to test for 
significant differences from the response obtained with 1 nM VEGF165a (*=p<0.05). 

 

Figure 83 displays the effects of the nine inhibitors on the VEGF165a-induced NFAT response. 

The most potent inhibitor was cediranib (logIC50 = -8.73 ± 0.02, Figure 83B), followed by 

motesanib (logIC50 = -7.97 ± 0.10, Figure 83C) and unlabelled sunitinib (logIC50 = -7.90 ± 0.12, 

Figure 83A). Similar as observed in the nanoBRET experiments, treatment with fostamatinib 

and R406 resulted in a more moderate inhibition of the NFAT response, with a logIC50 of -6.58 

± 0.32 and -6.87 ± 0.06 respectively (Figure 83D and 83E). Erlotinib (Figure 83F) and 

cerdulatinib (Figure 83G) did not affect the NFAT response, consistent with the nanoBRET 

results. Surprisingly, despite not binding to VEGFR2 directly (section 6.3.2.), dasatinib and 

entospletinib were both able to interfere with the functional signalling of the receptor. 

Dasatinib inhibited the NFAT response with a logIC50 of -6.96 ± 0.19 (Figure 83H). Entospletinib 

(logIC50 of -8.28 ± 0.21, Figure 83I) displayed an inhibition with potency similar to cediranib 

and a 100x fold higher potency than fostamatinib and R406. All logIC50 values are shown in 

Table 21. 
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Figure 82: Inhibition of the VEGF165a-induced NFAT response by selected TKIs. HEK293 cells stably expressing the NFAT 
ReLuc2P vector and NL-VEGFR2 were pre-treated for 1 h with increasing concentrations of the appropriate inhibitor. Next, 1 

nM VEGF165a was added and cells were incubated for a further 5 h at 37C before luminescence was measured. Data are 

normalized to the maximal response to 1 nM VEGF165a in the absence of inhibitor. Data are presented as mean  S.E.M from 
5 individual experiments (n=5) in triplicates. (A) unlabelled sunitinib; (B) cediranib; (C) motesanib; (D) fostamatinib; (E) R406; 
(F) erlotinib; (G) cerdulatinib; (H) dasatinib; (I) entospletinib. 
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6.3.4. Kinetics of sunitinib-red displacement by TKIs  

As mentioned in section 6.3.1 (Figure 78C), when adding sunitinib-red and cediranib 

simultaneously after cell lysis, sunitinib-red was able to induce an initial response before 

cediranib displaced sunitinib-red at the receptor and return BRET values to baseline. This 

suggested that, under these experimental conditions, sunitinib-red had a faster kinetic 

binding profile at VEGFR2 than cediranib. To confirm these findings, kinetic parameters of 

cediranib and fostamatinib at the receptor were assessed. Figure 84 shows the results 

obtained under the same experimental conditions as Figure 78C, looking at the displacement 

of 30 nM sunitinib-red by increasing concentrations of cediranib (1 nM – 100 nM, Figure 84A) 

or fostamatinib (30 nM – 3000 nM, Figure 84B). As anticipated, both inhibitors showed a 

concentration-dependent inhibition of the sunitinib-red induced BRET signal. Furthermore, 

an initial increase in BRET ratio was indeed observed, indicating sunitinib-red binding prior to 

antagonism by high concentrations of the unlabelled inhibitor. To determine values of kon, koff 

and logKD, data were baseline corrected as shown in Figure 85. Using the Motulsky and Mahan 

method of competitive ligand association, the shared values of kon and koff for each inhibitor 

were calculated (Table 20). Indeed, cediranib showed a slower association rate constant (kon 

= 1.16 x 107 M-1.min-1) and longer retention time (111.11 min) than sunitinib-red. 

Fostamatinib showed the slowest association and dissociation rate constants (kon = 3.17 x 105 

M-1.min-1 and retention time of 140.86 min).  

 

Table 20: Kinetic parameters of sunitinib-red, cediranib and fostamatinib binding to VEGFR2. kon = association rate 
constant; koff = dissociation rate constant; Retention time = 1/koff and logKD = koff/kon. Parameters for sunitinib-red were 
obtained from Figure 79, parameters for cediranib and fostamatinib were extracted from Figure 85. 

TKI kon 

(M-1,min-1) 

koff 

(min-1) 

Retention time 

(min) 

Kinetic log KD 

Sunitinib-red 3.96 x 107 0.76 1.32 -7.72 

Cediranib 1.16 x 107 0.0090 111.11 -9.12 

Fostamatinib 3.17 x 105 0.0071 140.86 -7.65 
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Figure 83: Time course of the inhibition of 30 nM sunitinib-red binding by different concentrations of cediranib (A) and 
fostamatinib (B). To determine binding kinetics of cediranib and fostamatinib at VEGFR-NL, experiments were conducted 
under the same conditions as used in Figure 78C; following the 15-minute pre-incubation with 1 nM VEGF165a, furimazine 

(1:400) and lysing buffer were added at the same time (t=0) and BRET was measured at 25C, every 60s. After 10 min (t=10), 
sunitinib-red (30 nM) and different concentrations of unlabelled inhibitor (cediranib in (A) or fostamatinib in (B)) were added 

simultaneously in the appropriate wells and BRET was measured at 25C for a further 50 min. Open circles represent BRET 
ratio after inhibitor treatment in the absence of sunitinib-red. Data are presented as mean  S.E.M from 5 individual 
experiments (n=5) in triplicates. 

 

 

Figure 84: Baseline corrected BRET ratio of the inhibition of 30 nM sunitinib-red binding by different concentrations of 
cediranib (A) and fostamatinib (B). Data were taken from Figure 84A and 84B respectively. Baseline corrected BRET ratios 
were obtained by subtracting the BRET ratio(immediately before sunitinib-red+inhibitor addition) from the BRET ratio at 
subsequent time points. T=0 represents time of sunitinib-red+inhibitor addition. For both inhibitors, data points at each 
concentration were fitted with shared values for kon and koff using the Motulsky and Mahan method of competitive ligand 
association (Motulsky and Mahan 1984) in GraphPad Prism. Curves through each data set represent the best-fit from this 
analysis.   
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6.3.5. Investigating the effects of entospletinib and dasatinib at VEGFR2 

To further investigate the discrepancy between data obtained in the nanoBRET assay and in 

the NFAT assay, seen with entospletinib and dasatinib, two additional experiments were 

carried out. 

 

Firstly, to monitor inhibitor binding over a longer time rather than evaluating a single time 

point (as in Figure 80), a time-course experiment was performed for both dasatinib and 

entospletinib. In this way, slow association rates could be confirmed or ruled out as a cause 

for lack of antagonism in the nanoBRET assay. Under the same experimental conditions as 

Figure 84, the effect of increasing concentration dasatinib (0.1 nM – 1000 nM, Figure 86A) or 

entospletinib (0.1 nM – 1000 nM, Figure 86B) on sunitinib-red-induced BRET response was 

measured. For both inhibitors, no concentration-dependent effect was found over the 60-

minute recording of BRET ratio. The presence of dasatinib or entospletinib did not attenuate 

the maximum BRET signal observed with 30 nM sunitinib-red alone, indicating that these 

inhibitors did indeed not displace sunitinib-red at VEGFR2-NL over the time measured. 

Figure 85: Time course of the inhibition of 30 nM sunitinib-red binding by different concentrations of dasatinib (A) and 
entospletinib (B). To investigate if dasatinib and entospletinib displayed any slower inhibition of sunitinib-red binding at 
VEGFR2-NL, experiments were conducted under the same conditions as used in Figure 9; furimazine (1:400) and lysing buffer 

were added at the same time (t=0). Following a 10-minute incubation at 25C (t=10), sunitinib-red (30 nM) and different 
concentrations of unlabelled inhibitor (dasatinib in (A) or entospletinib in (B)) were added simultaneously in the appropriate 

wells and BRET was measured at 25C for a further 50 min. Open circles represent BRET ratio after inhibitor treatment in the 

absence of sunitinib-red. Data are presented as mean  S.E.M from 5 individual experiments (n=5) in triplicates. 
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Secondly, to assess whether the inhibition of the NFAT response was specific for VEGF165a-

activation of VEGFR2, NFAT experiments as in Figure 83 were repeated, however cells were 

stimulated with ionomycin, a calcium ionophore, instead of VEGF165a. This calcium ionophore 

was used to generate an increase in intracellular calcium, so that calcineurin could be directly 

stimulated, leading to the translocation of NFAT into the nucleus, without the need for 

VEGFR2 activation. Both inhibitors were able to inhibit the NFAT response to 1 M ionomycin 

(Figure 87). Potency obtained here (logIC50 = -7.16 ± 0.22 for dasatinib and logIC50 = -8.18 ± 

0.08 for entospletinib) were not significantly different from the ones obtained in the 

VEGF165a-induced NFAT assay (unpaired t-test). This experiment suggested that dasatinib and 

entospletinib inhibited the NFAT response in a non-specific way and were able to interfere 

with the luciferase production independently from VEGFR2 activation. 

 

  

Figure 86: Inhibition of the ionomycin-induced NFAT response by dasatinib (A) and entospletinib (B). HEK293 cells stably 
expressing the NFAT ReLuc2P vector and NL-VEGFR2 were pre-treated for 1 h with increasing concentrations of the 

appropriate inhibitor. Next, 1 M ionomycin was added and cells were incubated for a further 5 h at 37C before luminescence 

was measured. Data are normalized to the maximal response to 1 M ionomycin in the absence of inhibitor. Data are 

presented as mean  S.E.M from 5 individual experiments (n=5) in triplicates.   
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6.3.6. Unlabelled sunitinib as a fluorescent tracer in the nanoBRET assay 

As described above (section 6.3.2.), the concentration-response curve of unlabelled sunitinib 

in the nanoBRET assay had a biphasic profile. The initial decrease in BRET ratio, indicating that 

unlabelled sunitinib was displacing sunitinib-red at the receptor, was followed by a sharp 

increase in BRET ratio with sunitinib concentration higher than 1 M (Figure 80A). These data 

suggested that unlabelled sunitinib is inherently fluorescent. Indeed, sunitinib has a bright 

yellow colour and it has been reported in the literature to display light emission in the green 

spectrum (maximum emission at 540 nm) (Nowak-Sliwinska et al., 2015). To confirm this, the 

fluorescent intensity spectra from unlabelled sunitinib and sunitinib-red were measured on a 

CLARIOStar plate reader (BMG Labtech, Ortenberg, Germany). Unlabelled sunitinib, when 

excited over 415 – 515 nm, indeed showed an excitation peak around 450 nm, and emission 

peak around 545 nm (Figure 88A), confirming autofluorescence of the unlabelled molecule.  

 

The fluorescent tag on sunitinib-red (Cisbio’s fluorescent dye ‘d2’) is reported to have a 

maximum absorption at 650 nm and maximum emission at 670 nm (Cisbio, 2023b). This 

profile of fluorescence absorption and emission is similar the one of Cy5 (Fernández-Suárez 

& Ting, 2008). Cy5 is a cell membrane-impermeable fluorophore, with maximum excitation 

and emission wavelengths reported to be 649 nm and 664 nm respectively (Fernández-Suárez 

& Ting, 2008). The emission spectrum of Cy5 following excitation over 560 nm – 675 nm is 

displayed in Figure 88B, showing maximal fluorescent intensity around 665 nm. When 

sunitinib-red was excited over these same wavelengths (560 nm – 675 nm, Figure 88D), the 

emission peak was observed around 670 nm, as anticipated. In this case, a higher fluorescent 

intensity was observed compared to the one observed following excitation over 415 nm – 515 

nm (Figure 88C). 
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Figure 87: Fluorescence intensity of unlabelled sunitinib (A) and labelled sunitinib-red (C and D). Unlabelled sunitinib (A), 
Cy5 (B) or sunitinib-red (C and D) were added in triplicates to a white 96 well plates without any cells present. Fluorescence 
intensity was measured on a CLARIOStar plate reader (BMG Labtech, Ortenberg, Germany) with excitation at 415 – 515 nm 
and emission detection at 500 – 600 nm (A and C), or excitation at 560 – 675 nm and emission detection at or 650 – 710 nm 
(B and D). Data are presented as mean from one experiment in triplicates. 
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To explore the use of unlabelled sunitinib as a fluorescent tracer in the nanoBRET assay, a 

concentration response curve was obtained with unlabelled sunitinib (1 nM – 100 M). Figure 

89 shows the BRET response to increasing concentrations of unlabelled sunitinib, obtained 

under the same experimental conditions as Figure 77. Here, a > 550 nm longpass filter was 

used to detect acceptor emission. A clear increase in BRET ratio was observed, however only 

at concentrations above 10 M. This was consistent with observations from Figure 80A and 

indicated that sunitinib is a dim fluorescent molecule. Furthermore, lysing of the cells did not 

change the BRET response. 

 

 

Figure 88: Autofluorescence of unlabelled sunitinib. Cells were pre-incubated with 1 nM VEGF165a for 15 min, followed by 

increasing concentrations of unlabelled sunitinib (1 nM – 100 M) for a further 1 h at 37 °C/5% CO2. Furimazine (1:400) was 
added to each well and the plates were incubated for a further 10 min at 37 °C/5% CO2 before BRET ratios were determined 
(filled circles). The cells were then lysed using NanoGlo® lytic buffer at room temperature for 10 min and BRET measured a 
second time (open circles). Consistent with Figure 77, this assay was performed in white half-well 96 well plates, in a total 
volume of 25 μL. To detect acceptor emission (from unlabelled sunitinib), a > 550 nm longpass filter was used, as the expected 
maximum emission was at 540 nm. BRET ratios were calculated as acceptor/donor emission values from the second of three 

cycles. Data are presented as mean  S.E.M from 5 individual experiments (n=5) in triplicates. 
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6.3.7. Summary 

In summary, treatment of the VEGFR2-NL transfected cells with sunitinib-red resulted in a 

concentration-dependent BRET response in lysed cells. Sunitinib-red displayed relative quick 

binding to the receptor, compared to cediranib and fostamatinib.  

 

Unlabelled sunitinib, cediranib and motesanib displayed a high affinity for VEGFR2 and high 

potency for inhibition of the VEGF165a-induced NFAT response. Fostamatinib and its active 

metabolite showed a more moderate inhibition of the responses in the nanoBRET assay and 

in the NFAT assay. Erlotinib and cerdulatinib did not affect the sunitinib-red-induced BRET 

signal and VEGF165a-induced NFAT signal. Surprisingly, dasatinib and entospletinib did 

interfere with the NFAT signalling, despite not binding VEGFR2-NL directly. An overview of all 

values for logKI (affinity, nanoBRET assay) and logIC50 (potency, NFAT assay) of the nine 

inhibitors can be found in Table 21. 
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Table 21: Overview of the affinity and potency of the nine tested inhibitors for VEGFR2. LogKI and KI represent the inhibitor’s affinity for VEGFR2, determined using the nanoBRET assay. LogIC50 
and IC50 represent the potency for inhibition of the VEGF165a-induced VEGFR2 signalling, determined using the NFAT assay. (NI, no inhibition) 

TKI Inhibition of sunitinib-red 

binding  

LogKI 

Inhibition of sunitinib-red 

binding 

KI (nM) 

Inhibition of NFAT response 

to VEGF165a 

LogIC50 

Inhibition of NFAT response 

to VEGF165a 

IC50 (nM) 

Sunitinib -8.20  0.13 6.3 -7.90  0.12 12.6 

Cediranib -8.24  0.12 5.8 -8.73  0.02 1.9 

Motesanib -8.01  0.10 9.8 -7.97  0.10 10.7 

Fostamatinib -6.71  0.12 195.0 -6.58  0.32 263.0 

R406 -6.44  0.11 363.1 -6.87  0.06 134.9 

Erlotinib NI NI NI NI 

Cerdulatinib NI NI NI NI 

Dasatinib NI NI -6.96  0.19 109.6 

Entospletinib NI NI -8.28  0.21 5.2 
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6.4. Chapter discussion  

6.4.1. Sunitinib-red as a fluorescent tracer in the intracellular nanoBRET assay 

In this Chapter, first the nanoBRET assay was optimised for the binding of sunitinib-red to 

VEGFR2-NL. Sunitinib-red is a fluorescent TKI, linking sunitinib to PerkinElmer’s red ‘D2’ dye. 

Interestingly, sunitinib-red did not induce a BRET response in intact cells (Figure 76A). Lysing 

the cells however, lead to a significant increase in BRET ratio in sunitinib-red treated wells 

compared to vehicle-treated wells (Figure 76B), in a concentration-dependent manner (Figure 

77). This suggested that the addition of the D2 dye on sunitinib led to a cell impermeable 

molecule. A concentration of furimazine of 1:400 was found ideal in this assay, as increasing 

the concentration did not improve the signal window (Figure 76B). Furthermore, pre-

treatment with VEGF165a did not significantly change the BRET response to 100 nM sunitinib-

red (Figure 76B). In subsequent nanoBRET assays cells were pre-treated with 1 nM VEGF165a, 

to be consistent with the NFAT protocol. Time-course experiments revealed a fast association 

of sunitinib-red at the intracellular kinase domain of VEGFR2 in lysed cells (Figure 78 and 

Figure 79). In the NFAT assay, in contrast to unlabelled sunitinib, sunitinib-red did not affect 

the VEGF165a-response (Figure 82), again suggesting this fluorescent sunitinib-derivative did 

not enter the intact cells. The D2 dye showed similar characteristics as Cy5, a cell membrane-

impermeable fluorophore with a similar fluorescent emission spectrum as sunitinib-red 

(maximum excitation at 649 nm and maximum emission at 664 nm (Fernández-Suárez and 

Ting 2008, Figure 88). 
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As unlabelled sunitinib showed autofluorescence (Figure 80A and Figure 88A), is cell 

membrane permeable and is less costly, its use as a fluorescent tracer in the nanoBRET assay 

was explored. However, high concentrations (> 10 M) of the non-labelled version of sunitinib 

were needed to induce a response in BRET signal (Figure 89). Moreover, unlike inorganic 

fluorophores, used to fluorescently tag proteins of interest, unlabelled sunitinib is a naturally 

fluorescent compound and emits dim light over broad wavelengths (Figure 88A). Unlabelled 

sunitinib exhibited maximum emission at a lower wavelength than sunitinib-red (max 540 nm 

versus 665 nm respectively), resulting in more spectral overlap between unlabelled sunitinib 

and NLuc (max 450 nm). For these reasons, unlabelled sunitinib was not suitable as a 

fluorescent tracer to determine binding affinities of other TKIs in the nanoBRET competition 

experiments in this Chapter. 

 

6.4.2. Inhibitory effects of nine TKIs at VEGFR2 

Binding affinities of selected TKIs were determined in the nanoBRET assay (Figure 80) and 

compared to functional responses in the NFAT assay (Figure 83). All inhibitors that were 

binding VEGFR2, displayed inhibition of the downstream signalling NFAT pathway. Sunitinib, 

cediranib and motesanib were the most potent inhibitors of VEGFR2. Fostamatinib showed a 

less potent inhibition of sunitinib-red binding to the receptor and NFAT luminescence 

response. The active metabolite R406 displayed similar affinities and potencies as its prodrug. 

Given that fostamatinib is converted to R406 by phosphatases in the intestinal mucosa 

(Sweeny, Li, Clough, et al., 2010; Sweeny, Li, Grossbard, et al., 2010) and several phosphatases 

are expressed in HEK293 cells, potentially fostamatinib was rapidly converted in these assays, 

resulting in similar responses as direct R406 treatment. As anticipated, EGFR-inhibitor 

erlotinib and Syk inhibitor cerdulatinib did not display any effect in both NFAT and nanoBRET 

assay. Interestingly, entospletinib and dasatinib were not binding directly to the receptor, but 

nonetheless inhibited its downstream signalling in the NFAT assay. This functional inhibition 

effect was recapitulated in the ionomycin-induced NFAT response, indicating entospletinib 

and dasatinib interfered with the NFAT response independent from VEGFR2 activation, and 

downstream of the event of intracellular calcium increase, as shown in Figure 24 (Chapter 2).  
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6.4.3. Syk in VEGFR2 signalling 

As Syk is expressed in HEK cells (The Human Protein Atlas, 2023), the effect of entospletinib 

in the NFAT assay might be directly related to the inhibition of Syk and independent from 

binding to VEGFR2.   

 

As mentioned in Chapter 1, section 1.3.2., the two SH2 domains of Syk bind to dual 

phosphorylated ITAMs associated with immunoreceptors. This leads to conformational 

changes of Syk and activation of its tyrosine kinase domain (Mócsai et al., 2010). Alternatively, 

two hem-ITAMs (a single phosphorylated residue) on two separate but dimerised receptors 

may provide docking sites for the SH2-domains of Syk (Bauer & Steinle, 2017; Mócsai et al., 

2010). Interestingly, tyrosine residue Y1175 in VEGFR2 can provide hemi-ITAMs for Syk 

binding and activation (Kazerounian et al., 2011). Additionally, Kazerounian et al. reported 

that Syk increases phosphorylation of Y1175 of VEGFR2 (Kazerounian et al., 2011), a tyrosine 

residue in the C-terminal part of the receptor, and key phosphorylation site for the induction 

of its downstream signalling (Peach et al., 2018; X. Wang et al., 2020). However, others has 

shown that silencing or inhibition of Syk did not affect VEGF-induced VEGFR2 Y1175 

phosphorylation (Chu et al., 2013). Lastly, increased phosphorylation of Syk following VEGFR2 

receptor dimerization has been reported (Kazerounian et al., 2011).  

 

Given this interplay of Syk and VEGFR2, the observed inhibition of the NFAT response by 

entospletinib might be related to its on-target inhibition of Syk, independent from direct 

binding at the kinase domain of the receptor. However, cerdulatinib, the other Syk inhibitor 

that was tested, did not affect the NFAT response, thus the entospletinib-induced signalling 

inhibition was likely not Syk-mediated. Moreover, entospletinib inhibited the ionomycin-

induced NFAT response with a similar potency as the VEGF165a-induced NFAT response, 

indicating that this compound is exhibiting its effect independent from VEGFR2 activation. 
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6.4.4. Cardiovascular adverse drug effects of dasatinib 

Dasatinib displayed a similar inhibitor profile for VEGFR2 as entospletinib. Interestingly, this 

compound is associated with pulmonary arterial hypertension, that persist after treatment-

discontinuation in one third of patients (Guignabert et al., 2016; Weatherald et al., 2017). This 

adverse drug reaction has been linked to a dasatinib-induced elevation in serum markers for 

vascular damage and endothelial dysfunction (Guignabert et al., 2016). Dasatinib targets BCR-

ABL, but multiple other tyrosine kinases as well, such as PDGFRs, the SRC kinase family, KIT 

and ABL (Cheng & Force, 2010; Davis et al., 2011; El-Dabh & Acharya, 2019). Inhibition of SCR 

kinases has been suggested as a potential cause of the dasatinib-induced pulmonary 

hypertension, however SCR-independent pathways might be involved as well (El-Dabh & 

Acharya, 2019). Given this non-specific kinase inhibition of dasatinib, it is likely that the 

decrease in NFAT response observed with this drug is due to interference with one or several 

cytoplasmic kinases that are involved in the VEGFR2 signalling pathway. In particular the 

kinases from the SRC family are involved in multiple receptors signalling pathways, and 

inhibition of these kinases might result in multiple off-target effects. Dasatinib for example 

inhibits Lyn, which phosphorylates Syk and ITAMs (Davis et al., 2011; Mócsai et al., 2010; Singh 

et al., 2012), but also Src, which is involved in VEGFR2 signalling (Davis et al., 2011; X. Wang 

et al., 2020).  

6.4.5. Selectivity of entospletinib for Syk  

Both dasatinib and entospletinib did not bind to VEGFR2 directly but interfered with its 

downstream signalling, and dasatinib is known to cause vascular damage in the lungs 

(Guignabert et al., 2016; Weatherald et al., 2017). Entospletinib is selective for Syk, however 

it still binds other tyrosine kinases with a ~10 fold lower affinity (e.g. Src and KIT) (Currie et 

al., 2014). Plasma concentrations of entospletinib easily reach 1 M to achieve therapeutic 

effect (Currie et al., 2014; Ramanathan et al., 2017) and entospletinib inhibited the NFAT 

response with a high efficacy (IC50 = 5.2 nM), suggesting that, at relevant plasma 

concentrations, this second generation compound might exhibit VEGFR2 signalling inhibition 

and associated cardiovascular safety liability.  
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6.4.6. Further experiments  

Given that dasatinib-red (dasatinib linked to the D2 dye, (Cisbio, 2023a)) is commercially 

available, an interesting follow-up experiment would be to characterise its binding to several 

nanoLuciferase-tagged cytoplasmic kinases, combined with a competition experiment by 

entospletinib, to investigate binding affinities of these two compounds for shared inhibited 

kinases. Moreover, looking at inhibition of VEGFR2 signalling other than NFAT, for example 

the ERK pathway, would potentially provide additional insights into how entospletinib 

established the functional signalling inhibition.  
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6.5. Chapter conclusion 

The aim of this Chapter was to provide complementary information about the interference of 

fostamatinib and entospletinib in VEGFR2 activation and signalling. Firstly, a nanoBRET assay 

was developed to monitor intracellular binding of TKIs at VEGFR2, using sunitinib-red. 

Sunitinib-red was not cell membrane-permeable, but did induce a robust BRET response in 

lysed cells. Secondly, performing a competition experiment with sunitinib-red in the 

nanoBRET assay, the affinities of nine selected TKIs for VEGFR2 were determined. Lastly, these 

binding affinities were compared to the compounds’ potencies to inhibit the VEGF165a-

induced NFAT response.  

 

Fostamatinib and R406 displayed a moderate binding affinity to the receptor and inhibited 

VEGFR2 signalling, consistent with literature (Lengel et al., 2015; M. Skinner et al., 2014). 

Entospletinib did not bind to the receptor directly, as previously reported (Currie et al., 2014). 

The latter however did interfere in the VEGFR2 signalling pathway. Dasatinib, a non-selective 

kinase inhibitor that is associated with vascular toxicity and pulmonary hypertension (Davis 

et al., 2011; Guignabert et al., 2016), showed similar characteristics as entospletinib. Jak/Syk 

inhibitor cerdulatinib did not interfere with the VEGFR2 NFAT response. Altogether, the data 

in this Chapter indicated that entospletinib exhibits effects beyond Syk inhibition alone and, 

although the exact mechanism was not identified, these effects could potentially be involved 

in subtle cardiovascular safety liabilities.  
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7.1. Research summary and general discussion 

Safety pharmacology aims to identify and investigate new compounds that exert undesired 

drug effects. Since 2001, the implementation of ICH S7A, the current guideline for conducting 

preclinical safety assessment, has enhanced the detection and understanding of adverse drug 

reactions, yet safety related drug attrition remains a prominent issue in drug development, 

in particular in late stages of the R&D pipeline and at post-marketing stages (section 1.2.2.). 

The conventional core approach of in vivo CV safety assessment includes evaluation of the 

ECG, MAP and HR (section 1.2.1.). The latter two measurements indeed demonstrate acute 

effects of therapeutics on the cardiovascular system, with consequent hypotension or 

hypertension, and tachycardia or bradycardia, respectively. Yet the signals from which MAP 

and HR are derived are high-fidelity waves, containing a greater amount of information than 

reported by MAP and HR (section 1.5.2.). Therefore, the experiments described in this thesis 

were designed to interrogate the entire physiological waveform to potentially identify new 

CV safety markers and to aid in closing the current gaps in safety pharmacology. For this, two 

Syk inhibitors were selected: fostamatinib, associated with a BP elevation due to off-target 

inhibition of VEGFR2 (section 1.3.4.3.) and entospletinib, a more selective Syk inhibitor and 

associated with little overt CV ADR (section 1.3.5.). The objective was to explore the 

application of SPAR, a novel approach to wave analysis that allows for in-depth 

characterisation of waveform morphology and variability (section 1.5.5.), on BP and blood 

flow waves in rats following administration of the Syk inhibitors. Additionally, the inhibitory 

effects of these Syk inhibitors at VEGFR2 were evaluated in vitro to provide mechanistic 

insights.  

 

Chapter 3 provided the conventional assessment of the Syk inhibitors’ cardiovascular effects, 

as typically performed in preclinical safety studies. Alongside two vasodilators (vardenafil and 

molsidomine) and an established VEGFR2-inhibitor (sunitinib) with known cardiovascular 

effects, the Syk inhibitors were evaluated using radiotelemetry in rats. Both vasodilators 

induced a hypotension that was associated with a rapid increase in HR and decrease in PP 

(section 3.3.1. and 3.3.2.). Sunitinib evoked a hypertensive response, with little effect on HR 

or PP (section 3.3.3.). Fostamatinib increased MAP, that was significant from the second day 

of the study and did not affect HR or PP (section 3.3.4.). Lastly, entospletinib did not affect 
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any of the conventional wave analysis parameters (section 3.3.5.). This analysis served as a 

representation of current approaches in safety pharmacology and results were used for 

comparison to novel SPAR analysis in the next Chapter. 

 

In Chapter 4, the BP waves obtained in the telemetry studies were analysed in SPAR. Firstly, 

the method was optimised for use in this model (section 4.3.1.) and validated using the 

vasodilator data, showing a decrease in metrics related to the roundness of the attractor, 

such as rQ25, and indicating a vasodilation-associated decrease in wave reflection. These data 

demonstrated the ability of SPAR to detect changes in BP waveform morphology and 

variability (section 4.3.2., 4.3.5.1 and 4.3.5.2.). Sunitinib did not cause clear changes in the 

SPAR metrics analysed (section 4.3.5.3.). Potentially other SPAR features, that could not be 

quantified at the time of analysis, could pick up sunitinib-induced changes in the waveform. 

SPAR reported fostamatinib-induced wave changes that were opposite to the ones observed 

with the vasodilators (increasing metrics such as rQ25, indicating an increase in wave 

reflection, section 4.3.5.4.), demonstrating a vasoconstriction as anticipated. These effects 

were detected from the first day of the experiment, thus highlighting fostamatinib-induced 

CV ADR earlier than MAP. Furthermore, SPAR revealed entospletinib-induced wave changes 

that were similar to the ones observed with fostamatinib, providing a first indication of 

potential cardiovascular effects of this compound (section 4.3.5.5.). In summary, SPAR 

detected cardiovascular effects of both fostamatinib and entospletinib in a more sensitive 

way than the conventional analysis and thus could serve as a novel approach to characterise 

the cardiovascular safety profile of other compounds at preclinical or clinical stages. 

 

  



Chapter 7: General Discussion 

 305 

Chapter 5 aimed to characterise the effects of the two Syk inhibitors, alongside sunitinib, on 

the VC in three vascular beds in the Doppler flowmetry model in rats, combined with their 

effects on SPAR metrics derived from the blood flow waves. Sunitinib induced changes in 

MAP, HR and the three VC that mirrored those typically observed with VEGFR2-inhibitors 

(section 5.3.1.1.). SPAR indicated large decreases in waveform variability and increases in 

wave reflection following sunitinib-administration (section 5.3.2.). Fostamatinib partially 

reflected those effects, showing a small decrease in the renal and aortic VC in the 

conventional analysis (section 5.3.1.2.) and indications of a vasoconstriction in the mesenteric 

bed in the SPAR analysis (section 5.3.2.). Entospletinib did not display any effects on the VC 

in the conventional analysis (section 5.3.1.3.) but in-depth wave analysis of the BP, mesenteric 

and hindquarters flow uncovered a vasoconstricting effect of entospletinib (section 5.3.2.), 

again suggesting potential CV safety issues of this compound. 

 
Lastly, in Chapter 6 an in vitro nanoBRET assay was developed to determine the Syk inhibitors’ 

binding affinities to VEGFR2. This assay showed an intermediate affinity of fostamatinib for 

VEGFR2 and no binding of entospletinib at the level of the receptor (section 6.3.2.). In the 

NFAT reporter gene assay however, both Syk inhibitors inhibited the downstream signalling 

of VEGFR2 and entospletinib displayed an approximately 100-fold higher potency for this 

effect than fostamatinib (section 6.3.3.). 

 

Data were discussed in detailed at the end of each Chapter. Below, a general discussion is 

presented about (1) the application of SPAR in preclinical safety pharmacology and (2) the 

findings around entospletinib’s cardiovascular effects. 
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7.1.1. General discussion of application of SPAR in safety pharmacology  

The experiments performed in this thesis demonstration that SPAR was a suitable method to 

detect changes in waveform variability and morphology of both blood pressure of blood flow 

waveforms. The body of work performed in this thesis implied that this novel wave analysis 

method can potentially (1) produce markers that have physiological significance, (2) detect 

CV ADR earlier than MAP, HR or PP and (3) detect CV ADR more sensitive than MAP, HR, PP 

or VC. Previous studies indeed indicated that more comprehensive CV wave analysis could 

provide additional insights beyond MAP and HR, both in clinical settings (Janić et al., 2014; 

Masuda et al., 2013; McEniery et al., 2008; Millasseau et al., 2003; Safar et al., 2002) and in 

vivo (C. Y. Chang et al., 2017; R. W. Chang et al., 2017; P. Laurent, Safar, et al., 2003). However 

the real-life application of these methods has been limited as they require simultaneous 

pressure or flow recordings at two site in the vasculature or employ mathematical models 

that rely on estimations and therefore are less informative (Avolio et al., 2009; Kips et al., 

2009; Mynard et al., 2020). SPAR is a method that overcomes these complications and is 

easier to implement. Moreover, it is a visual method that reports on several waveform 

components simultaneously from one analysis, rather than combining several methods to 

characterise the full profile of the CV wave, thus SPAR provides a single comprehensive 

approach to wave analysis. 
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Yet effort is needed to fully characterise and further develop SPAR ahead of its 

implementation in safety pharmacology studies. For example, in this thesis sunitinib was 

anticipated to induce effects opposite to those observed with the vasodilators in the BP 

metrics from telemetry, however this was not consistently the case. On the other hand, SPAR 

metrics derived from the BP wave recorded with the Doppler model did show large changes 

following sunitinib administration. Potential reasons for the lack of SPAR metric changes in 

the telemetry study are discussed in section 4.2.2. In brief, it could be that the metrics 

selected in Chapter 4 were not appropriate to detect sunitinib-induced changes and other, 

new SPAR features would be able to detect those. Indeed, from visual analysis of the 

attractors, some sunitinib-induced changes were observed. However as the SPARKS 

application was still being developed at the moment of analysis, the algorithm was not yet 

developed in a way that allowed for calculation of these characteristics of the attractor, 

therefore these changes could not be objectively quantified. Moreover, a higher dose of 

sunitinib was used in the Doppler study compared to the telemetry study (16 mg.kg-1.day-1 IV 

versus 7 mg.kg-1.day-1 orally), which likely contributed to larger effects observed in the 

Doppler SPAR metrics. Another example of where more validation of the method is needed, 

is presented by the aortic SPAR metrics. The interpretation of these metrics was not clear as 

some positive and negative controls were lacking in this study. Potential future steps to 

further explore the use of SPAR in safety pharmacology are detailed below (section 7.2.). 

 

Although the measurement of blood flow changes is an approach that is not widely applied 

in industry settings, it highlights important regional vasoactive properties of a drug. Recently 

efforts have been made to develop telemetric Doppler probes (Arnall et al., 2017; Brijs et al., 

2019; Neary et al., 2017). Although this technique measures only two flows simultaneously at 

the moment, the emerge of such telemetry methods to determine blood flows in freely 

moving animals will allow for easier and less labour-intensive monitoring of blood flow 

velocity changes alongside BP, compared to the Doppler flowmetry model, and may make this 

approach more widely available. In that case, SPAR analysis of recorded blood flow waves 

would be a helpful addition besides MAP, HR and VC in drug development, as it provides more 

comprehensive information without the need of supplementary animals or experiments.   
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The findings of this thesis served as a proof of concept of the application of SPAR in safety 

pharmacology. Other studies utilising SPAR to interrogate physiological waves have reported 

promising results as well. For example, Lyle et al. showed that SPAR performed better than 

standard ECG interval measures at identifying a subjects sex from clinical ECG signals (J. V. 

Lyle et al., 2017). Using short mouse ECG recordings, Bonet-Luz et al. (2020) showed that 

utilising SPAR metrics, a better accuracy for classifying genotypes associated to arrythmias 

was obtained than with standard ECG metrics, and that the combination of both SPAR and 

standard metrics resulted in the highest classification accuracy (Bonet-Luz et al., 2020). 

Moreover, Huang et al. reported that SPAR metrics combined in a machine learning approach 

generated a model with high sensitivity to detect arterial fibrillation from short ECG-

recordings of equine athletes (Y. H. Huang et al., 2022). Not only cardiovascular waves can be 

examined in SPAR; Pascual et al. employed the method to identify novel biomarkers for 

hypercapnia from respiratory waveforms (Pascual et al., 2021).  

 

Altogether, the above-mentioned studies and this thesis indicate that SPAR is a valuable 

method to explore further in detail. Incorporation of SPAR in preclinical safety testing could 

extend findings from existing parameters such as MAP and HR and provide a more 

comprehensive safety profile. Most likely a multifactorial analysis combining conventional 

metrics with novel SPAR metrics is most suitable for risk assessment and risk management of 

new compounds. 
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7.1.2. General discussion of entospletinib findings   

Findings from Chapter 5, 6 and 7 raised the question whether entospletinib is associated with 

CV ADR, as it induced SPAR metric changes similar to those observed with fostamatinib, and 

inhibited VEGFR2 signalling. No literature was found to support this finding. Tabeling et al. 

reported that in lungs of mice, inhibition of Syk rapidly reversed pulmonary vasoconstriction 

independent from NO (Christoph Tabeling et al., 2018). Hwan et al. showed that Syk is 

involved in the ET-1-induced vasoconstriction of isolated rat thoracic aorta and Syk inhibition 

attenuated this vasoconstriction (Hwan et al., 2007). These studies suggested opposite 

vasoactive effects of Syk inhibition than those observed with entospletinib here. However, 

Tabeling et al. only investigated the pulmonary vascular bed, and these findings do not 

necessarily translate to other vascular beds. Furthermore, both studies mentioned above 

were performed ex vivo and perhaps did not reflect physiological events in vivo. In contrast, 

in this thesis, the in vivo experiments were carried out in unanaesthetised rats. More 

importantly, the in vitro findings in Chapter 6 indicated that the observed inhibition of VEGFR2 

signalling by entospletinib is independent from its on-target inhibition of Syk (section 6.4.3.). 

Likewise, its in vivo CV effects may be due to off-target inhibition of other tyrosine kinases 

and unrelated to the vasoactive properties of Syk.  
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Given the clues of CV effects presented in this thesis, it is important to further characterise 

entospletinib’s CV safety liabilities (as detailed below, section 7.2.) and take these findings 

into account when designing combination therapies with entospletinib. For example, 

entospletinib is currently being evaluated for acute myeloid leukemia in combination with 

cytarabine and daunorubicin (Borate et al., 2022; Walker et al., 2020), two drugs that have 

been associated with cardiotoxicity (Conrad, 1992; Kikukawa et al., 2012; Neuendorff et al., 

2020; Samosir et al., 2021; Yeh et al., 2004). Likewise, entospletinib is being investigated for 

chronic lymphocytic leukemia and B-cell malignancies in combination with obinutuzumab 

(Kittai et al., 2021; Lam et al., 2021), a monoclonal antibody that has been associated with an 

increased risk of cardiac events, including acute myocardial infarction, bradycardia, atrial 

fibrillation and heart failure (Marcus et al., 2017; Vitolo et al., 2017). Although in this thesis 

the CV effects observed with entospletinib were subtle, they might appear more severely over 

the longer term, especially in combination with other cardiotoxic drugs. Hence, proper risk 

assessment before marketing, and post-marketing monitoring of cardiovascular 

complications is warranted (Curigliano et al., 2010; Vallerio et al., 2022). 

  



Chapter 7: General Discussion 

 311 

7.2. Future directions 

As stated above, validation and optimisation of the SPAR method should be continued. First, 

advancing the SPAR algorithm so that it can quantify all features of the attractor would allow 

an even more comprehensive characterisation of the CV effects of each test compounds. 

Additionally, more work is needed to validate the model and link its metrics to their 

physiological interpretation. Below examples of studies to perform are given: 

• Assessing reference compounds in vivo such as:  

o Vasodilators, e.g. clonidine, centrally acting vasodilator or hydralazine, an 

arteriole vasodilator, 

o Other RTKIs to see if similar SPAR metric changes are observed as with 

sunitinib, e.g. axitinib or cediranib,   

o Vasoconstrictors, e.g. endothelin-1 or norepinephrine, two endogenous 

vasoconstrictors, 

o Atropine, a muscarinic receptor antagonist that induces tachycardia, 

o Negative controls not displaying CV ADR, e.g. cerdulatinib, a second generation 

Syk inhibitor with no affinity or potency for VEGFR2 inhibition or erlotinib, a 

selective EGFR-inhibitor. 

These studies may include historical in vivo data of compounds with a well-

characterised CV profile and dose-escalation studies to compare at what plasma level 

SPAR versus MAP or HR can detect ADR and determine the relative sensitivity of both 

approaches. 

• Additionally, as performing in vivo studies can be time-consuming, using in silico 

databases containing simulated blood pressure/flow waves (Boccadifuoco et al., 2018; 

Peter H. Charlton et al., 2019; Hewlin & Kizito, 2018; Willemet et al., 2016) may be a 

valuable approach. As components of the waveform are easily adjusted in a simulated 

wave and corresponding attractor changes can be determined consistently, using in 

silico waveform data enables identification of relevant SPAR metrics and link those to 

waveform changes and could additionally serve as a further validation of in vivo 

findings as well. 
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Secondly, in light of SPAR results indicating small entospletinib-induced vasoconstrictions, a 

follow-up experiment testing the vasoactive effects of entospletinib in isolated rat arteries 

and veins ex vivo could investigate this further. Myography is a technique that could be 

employed for this study, as it monitors the vascular function, structure and biomechanical 

properties (Wenceslau et al., 2021). An isolated vessel is mounted onto glass pipettes 

(pressure myography) or stretched by wires or pins that are passed through the lumen on the 

vessel (isometric force myography) and changes in vessel diameter are measured, indicating 

a vasoconstriction or dilations (Buus et al., 1994; Falloon et al., 1995). The vasoactive effect 

of entospletinib on several arteries, e.g. mesenteric and distal abdominal aortic isolated from 

rats could be evaluated using this set-up, followed by the evaluation of entospletinib-induced 

changes in vessel reactivity in preconstricted (e.g. by phenylephrine) or predilated (e.g. by 

VEGF165a) vessels. Fostamatinib, sunitinib, erlotinib and cerdulatinib could be included as 

positive and negative controls. 

 

Lastly, further experiments should identify kinases involved in the VEGFR2 signalling inhibition 

established by entospletinib. As discussed in Chapter 6 (section 6.4.6.), dasatinib-red is 

commercially available and the use of this fluorescently tagged non-selective TKI in a 

NanoBRET proximity assay could shed some light on the selectivity profile of entospletinib as 

well. The cell permeability of labelled dasatinib in HEK cells should be evaluated first, as the 

red tag seemed to hinder the cell membrane permeability of sunitinib (section 6.4.1.). Next, 

performing displacement experiment of dasatinib-red by entospletinib, as done in this thesis 

with sunitinib-red, at several NL-tagged intracellular kinases (including SCR kinases and KIT) 

could highlight where these two TKIs are binding and indicate pathways behind the observed 

inhibition of VEGFR2 signalling. Moreover, evaluating entospletinib’s potency to inhibit other 

VEGFR2 signalling pathways than NFAT, e.g. ERK, could provide additional insights into how 

entospletinib established the functional signalling inhibition. Again sunitinib, fostamatinib, 

erlotinib and cerdulatinib can be included as positive and negative controls.   
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7.3. Key conclusions 

This thesis explored novel approaches in cardiovascular safety pharmacology. In particular 

the application of SPAR, a novel in-depth wave analysis method, was assessed on blood 

pressure and blood flow waves. First, the CV effects of two Syk inhibitors, fostamatinib and 

entospletinib, were interrogated in a radiotelemetry model in rats. Conventional analysis of 

obtained blood pressure waves indicated a BP elevation following fostamatinib 

administration but did not display any effects with entospletinib. Second, BP waves obtained 

in the telemetry study were analysed in SPARKS, an application for streamlined SPAR analysis. 

This revealed subtle entospletinib-induced effects in the wave morphology, similar to those 

observed with fostamatinib. Moreover, this analysis highlighted fostamatinib-induced CV ADR 

earlier than the conventional analysis did. Third, the two Syk inhibitors were evaluated in the 

Doppler flowmetry model in rats, to investigate their effects on blood flow velocity and blood 

flow waveforms. Conventional analysis indicated regional vasoconstrictions in the kidney and 

hindquarters by fostamatinib and no effects by entospletinib. Again, SPAR detected changes 

that were unnoticed in the conventional analysis. Although more work is needed to 

unambiguously link the SPAR metrics to physiological changes, SPAR analysis demonstrated 

vasoconstrictions with both Syk inhibitors. This effect was anticipated with fostamatinib, 

however was remarkable for entospletinib as this compound was designed to show fewer CV 

ADR than fostamatinib. Lastly, the in vitro inhibition of VEGFR2 by fostamatinib and 

entospletinib was evaluated in HEK cells, showing that fostamatinib but not entospletinib 

bound to the intracellular site of VEGFR2. Yet both compounds inhibited the VEGF165a-

induced VEGFR2 downstream signalling, possibly indicating a cause behind the observed 

entospletinib effect in vivo.  

 

By exploring for the first time the application of SPAR on preclinical BP and blood flow 

waveform data following drug treatment, this thesis added to the overarching aim of INSPIRE 

to advance the field of cardiovascular safety pharmacology.   
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8.1. SPAR parameters  

Table 22: Predefined sets of SPAR parameters as available in the SPARKS application. In this thesis, the HumanBP set was 
used, with adjusted values for Ratemin and Ratemax to mirror typical HR in rat. 

 HumanRF MouseBP HumanBP 

HumanBP 

with 

adjustments 

used in this 

thesis 

datalowerlim -6 40 0 0 

dataupperlim 6 200 300 300 

datajmp 0.25 10 100 100 

timeshiftbar 0.5 120 100 100 

Ratemin 6 400 40 230 

Ratemax 60 800 180 550 

Attlim_density -1 3 -1 -1 

Dspreadcolourlim 0.0005 0.002 0.002 0.002 

Attlim_plot -1 3 -1 -1 

Colourlim_plot 0.0005 -1 0.002 0.002 

Rdensityrange_plot -0.1 -0.1 -1 -1 

Units Flow (L/s) mmHg mmHg mmHg 
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8.2. VEGFR2 sequence 

MQSKVLLAVALWLCVETRAASVGLPSVSLDLPRLSIQKDILTIKANTTLQITCRGQRDLD 

WLWPNNQSGSEQRVEVTECSDGLFCKTLTIPKVIGNDTGAYKCFYRETDLASVIYVYVQD 

YRSPFIASVSDQHGVVYITENKNKTVVIPCLGSISNLNVSLCARYPEKRFVPDGNRISWD 

SKKGFTIPSYMISYAGMVFCEAKINDESYQSIMYIVVVVGYRIYDVVLSPSHGIELSVGE 

KLVLNCTARTELNVGIDFNWEYPSSKHQHKKLVNRDLKTQSGSEMKKFLSTLTIDGVTRS 

DQGLYTCAASSGLMTKKNSTFVRVHEKPFVAFGSGMESLVEATVGERVRIPAKYLGYPPP 

EIKWYKNGIPLESNHTIKAGHVLTIMEVSERDTGNYTVILTNPISKEKQSHVVSLVVYVP 

PQIGEKSLISPVDSYQYGTTQTLTCTVYAIPPPHHIHWYWQLEEECANEPSQAVSVTNPY 

PCEEWRSVEDFQGGNKIEVNKNQFALIEGKNKTVSTLVIQAANVSALYKCEAVNKVGRGE 

RVISFHVTRGPEITLQPDMQPTEQESVSLWCTADRSTFENLTWYKLGPQPLPIHVGELPT 

PVCKNLDTLWKLNATMFSNSTNDILIMELKNASLQDQGDYVCLAQDRKTKKRHCVVRQLT 

VLERVAPTITGNLENQTTSIGESIEVSCTASGNPPPQIMWFKDNETLVEDSGIVLKDGNR 

NLTIRRVRKEDEGLYTCQACSVLGCAKVEAFFIIEGAQEKTNLEIIILVGTAVIAMFFWL 

LLVIILRTVKRANGGELKTGYLSIVMDPDELPLDEHCERLPYDASKWEFPRDRLKLGKPL 

GRGAFGQVIEADAFGIDKTATCRTVAVKMLKEGATHSEHRALMSELKILIHIGHHLNVVN 

LLGACTKPGGPLMVIVEFCKFGNLSTYLRSKRNEFVPYKTKGARFRQGKDYVGAIPVDLK 

RRLDSITSSQSSASSGFVEEKSLSDVEEEEAPEDLYKDFLTLEHLICYSFQVAKGMEFLA 

SRKCIHRDLAARNILLSEKNVVKICDFGLARDIYKDPDYVRKGDARLPLKWMAPETIFDR 

VYTIQSDVWSFGVLLWEIFSLGASPYPGVKIDEEFCRRLKEGTRMRAPDYTTPEMYQTML 

DCWHGEPSQRPTFSELVEHLGNLLQANAQQDGKDYIVLPISETLSMEEDSGLSLPTSPVS 

CMEEEEVCDPKFHYDNTAGISQYLQNSKRKSRPVSVKTFEDIPLEEPEVKVIPDDNQTDS 

GMVLASEELKTLEDRTKLSPSFGGMVPSKSRESVASEGSNQTSGYQSGYHSDDTDTTVYS 

SEEAELLKLIEIGVQTGSTAQILQPDSGTTLSSPPV 

 

VEGFR2-sequence (taken from UniProt.org) 

• In red: split kinase domain is indicated in red: N-terminal lobe (amino acid 834 – 930) 
and C-terminal lobe (amino acid 999 – 1162) 

• In yellow: activation loop of kinase domain 

• In bold: Y1054 and Y1059 are important in autophosphorylation of the receptor 
(McTigue et al., 1999; X. Wang et al., 2020)
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8.3.  SPAR metrics extracted from Doppler attractors 

Table 23: Each BP attractor measures analysed in this Chapter, with its corresponding change in attractor and wave, and its physiological relevance. 

BLOOD PRESSURE 

Measure Change in attractor Change in waveform Physiological interpretation 

maxden 

Represents the number of data points in the highest 
density bin (‘reddest’ bin) of the attractor. The redder the 
attractor, the lower the waveform variability, thus, the 
redder the highest density bin, the lower the waveform 
variability. 
Low maxden = low density (blue) 
High maxden = high density (red) 

Low maxden = high variability 
High maxden = low variability 

Some drugs might affect 
variability, indicating 
activation of several 
autoregulating mechanisms 
to maintain blood flow to 
vital organs. 

dspread3  
Density in attractor 
High dspread3 = high density, lot of red 
Low dspread3 = low density, lot of blue  

Low dspread3 = high 
variability High dspread3 = 
low variability 
 

rQ5 

Metric extracted from the radial density plot; radial 
position that includes 5% of data, indication of how data 
points are spread over attractor. 
Low rQ5 = closed attractor = high density points close to 
centre, e.g. high density arms are large or data are evenly 
spread over attractor.  
High rQ5 = open attractor = high density points at outer 
sides of the attractor, e.g. in small high density arms. 

Low rQ5 = wave is more 
symmetrical, followed by flat 
interbeat interval. 
 
High rQ5 = reflected 
waveform affects entire 
downstroke rather than only 
the last part of diastole. 
 

Increase in rQ5 indicates 
vasoconstriction  
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Vwmedianradius 
_heightdiff 

This metric is taken from the polar map of the attractor, 
generated as shown in Figure 90. On the attractor, at each 
angle a radius (white arrows, Figure 90A) is drawn and at 
each angle, the minimum radial values, maximum radial 
value (both shown in blue in the polar map, Figure 90B), 
and median (red) and mean (pink) value are determined. 
The metric vwmedianradio_heightdiff is measured as the 
difference in height between the maximum median radius, 
and minimum median radius (white arrow in Figure 90B).  
Low vwmedianradio_heightdiff = open attractor 
High vwmedianradio_heightdiff = closed attractor 

An example is shown in Figure 
91, indicating a decrease 
vwmedianradius_heightdiff is 
related to an increase in 
waveform reflection. 

Decrease in 
vwmedianradius_heightdiff 
indicates vasoconstriction.  
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Figure 89: Creation of the polar map of an attractor. On the attractor, a radius from the centre of the attractor to each point of the attractor is drawn (white arrows, A). At each angle, the 
minimum radial values, maximum radial value (both shown in blue in the polar map, B), and median (red, B) and mean (pink, B) radial values are plotted. The metric vwmedianradio_heightdiff 
is measured as the difference in height between the maximum median radius and minimum median radius (white arrow in B). 

 

Figure 90: A decrease in vwmedianradius_heightdiff is correlated with an opening of the attractor and an increase in BP wave reflection. (A) Waveform, attractor and polar map from baseline 
recording. A vwmedianradio_heightdiff of approximately 1.1 * 103 units was measured. (B) Waveform, attractor and polar map from the same animal, 30 min after sunitinib bolus dosing. 
Vwmedianradio_heightdiff decreased (approximately 0.8 * 103 units). This was associated with a more open attractor and, in the waveform, a higher contribution of wave reflection in the 
pressure profile (i.e. the entire downstroke is affected by wave reflection compared to the waveform in A, where wave reflection effects are observed only in the second half of downstroke).  
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Table 24: Each renal flow attractor measures analysed in this Chapter, with its corresponding change in attractor and wave, and its physiological relevance. 

RENAL FLOW 

Measure Change in attractor Change in waveform 
Physiological 
interpretation 

Maxrden 

This metric is derived from the radial density plot and 
indicates the maximum radial density.  
Low maxden = low density (blue) 
High maxden = high density (red) 

Low maxden = high 
variability 
High maxden = low 
variability 

Some drugs might affect 
variability, indicating 
activation of several 
autoregulating 
mechanisms to maintain 
blood flow to vital organs, 
here the kidney. 
 

Dspread1 
Density in attractor 
High dspread1 = low density, lot of blue 
Low dspread1 = low density, lot of red  

High dspread1 = high 
variability Low 
dspread1 = low 
variability 

vwmedianradius_bandwidth 

This metric is extracted from the polar map of the 
attractor and is calculated as the average of difference 
between minimum and maximum radial value in the 
polar map, as presented by the yellow lines in Figure 
92 and Figure 93. The narrower the attractor (more 
attractor loops are overlapping), the lower 
vwmedianradius_bandwidth. The broader the sides 
and arms of the attractor (less overlap between the 
loops), the higher vwmedianradius_bandwidth.  

Thus, bandwidth is 
directly related to the 
waveform variability.  
High bandwidth = high 
variability  
Low bandwidth = low 
variability 
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Figure 91: Example of decrease in polar map bandwidth. A decrease in bandwidth (mean of differences between minimum and maximum radial value at every angle, indicated by yellow lines 
in the polar map) from 0.24 normalised units in (A) to 0.18 normalised units in (B), is associated with a narrowing of the attractor, indicating a decrease in wave-to-wave variability. Attractors 
taken from a sunitinib-treated animal, baseline versus 5h after dosing. 
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Figure 92: Example of increase in polar map bandwidth. A decrease in bandwidth (mean of differences between minimum and maximum radial value, indicated by yellow lines in the polar map) 
from 0.25 units in (A) to 0.31 units in (B), is associated with a broadening of the attractor, indicating an increase in wave-to-wave variability. Attractors taken from an entospletinib-treated 
animal, baseline versus 5h after dosing. 

  



Chapter 8: Appendix 

 323 

Table 25: Each mesenteric flow attractor measures analysed in this Chapter, with its corresponding change in attractor and wave, and its physiological relevance. 

MESENTERIC FLOW 

Measure Change in attractor Change in waveform Physiological interpretation 

maxden 

Represents the number of data points in the highest 
density bin (‘reddest’ bin) of the attractor. The redder 
the attractor, the lower the waveform variability, 
thus, the redder the highest density bin, the lower 
the waveform variability. 
Low maxden = low density (blue) 
High maxden = high density (red) 

Low maxden = high 
variability 
High maxden = low 
variability 

Some drugs might affect 
variability, indicating 
activation of several 
autoregulating mechanisms 
to maintain blood flow to 
vital organs. 

avPP 

The metric avPP is calculated as the mean size of the 
attractor, directly related to the average amplitude 
of the wave. This metric was originally developed for 
the analysis of a BP wave, indicating the amplitude of 
the signal. Similarly, the amplitude of a blood flow 
wave can be measured. An illustrative example is 
shown in Figure 94. 
High avPP = large attractor 
Low avPP = small attractor  

High avPP = high 
amplitude 
Low avPP = low 
amplitude  

High avPP = decrease of the 
minimum flow indicating an 
increase in flow wave 
reflection and thus a 
vasoconstriction. 
Low avPP = increase of the 
minimum flow, indicating 
less wave reflection, and thus 
a vasodilation in the 
downstream vascular bed 
(Nichols et al., 2022). 

rQ75 

Metric extracted from the radial density plot; radial 
position that includes 75% of data, indication of how 
data points are spread over attractor. 
 
High rQ75 = closing of the mesenteric attractor, 
higher density points at the outer edges of the 
attractor (illustrated by example in Figure 95). 

High rQ75 = flattening 
of the interbeat interval 
of the mesenteric flow 
waveform. 

High rQ75 indicates a 
vasoconstriction.  
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vwmediannorm 

This metric indicates the rotational 
symmetry of the attractor and is determined 
from the polar map of the attractor as 
followed: several polar maps are created, 
starting at different angles in the attractor, 
and these polar maps are superimposed on 
one another. Vwmediannorm represents the 
average of differences in median radial 
values between the superimposed polar 
maps. The lower vwmediannorm, the more 
circular the attractor, as a perfect circle will 
have overlapping polar maps and thus zero 
differences in median values (i.e. infinite 
rotational symmetry). An attractor with 
lower rotational symmetry (e.g. a more 
triangular attractor) yields higher 
vwmediannorm values.  
 
Low vwmediannorm = opening of attractor 
(high rotational symmetry) 
An example is shown in Figure 96. 

Low vwmediannorm = flat 
interbeat interval in the 
mesenteric flow waveform.  

Low vwmediannorm 
indicates a vasoconstriction. 
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Figure 93: Metric avPP is related to the amplitude of the flow wave. (A) shows the mesenteric flow wave before drug administration. (B) shows the mesenteric flow wave of the same animal, 
5h after the bolus dose of sunitinib. In B, higher wave reflection effects are observed, presenting as a faster downstroke and lower minimum values, compared to the gradual downstroke in (A). 
This waveform change is linked to an increase in amplitude (metric avPP).  
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Figure 94: Metric rQ75 is related to wave morphology. (A) shows mesenteric flow wave, corresponding attractor and radial density plot of an animal before drug administration, (B) shows the 
flow wave, attractor and radial density plot of the same animal, 5h post sunitinib-bolus dosing. In the radial density plot, the position of rQ75 is indicated with a blue arrow. rQ75 is increased in 
(B) (7.42 * 10-3 units versus 5.43 * 10-3 units in (A). This increase in rQ75 was linked to a closing of the mesenteric attractor, higher density points at the outer edges of the attractor (as 
demonstrated  in the radial density plots), and a flattening of the interbeat interval in the wave form. 
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Figure 95: The metric vwmediannorm is related to the rotational symmetric of the attractor. (A) shows the mesenteric flow wave and attractor of an animal during the baseline recording. 
Overlapping polar maps of this attractor yielded a vwmediannorm of 0.11 units. (B) shows the mesenteric flow wave and attractor of the same animal, 30 min post bolus dosing of entospletinib. 
Overlapping the polar maps of this attractor yielded in a vwmediannorm of 0.08 units. The decrease in vwmediannorm indeed was linked to an ‘opening’ of the attractor towards a more circular 
shape (i.e. more rotational symmetry). This was associated with a flattening of the interbeat interval of the flow wave. 
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Table 26: Each hindquarter (abdominal aorta) flow attractor measures analysed in this Chapter, with its corresponding change in attractor and wave, and its physiological relevance wher 
e understood. 

MESENTERIC FLOW 

Measure Change in attractor Change in waveform Physiological interpretation 

Maxrden 

This metric is derived from the radial density plot 
and indicates the maximum radial density.  
Low maxden = low density (blue) 
High maxden = high density (red) 

Low maxden = high variability 
High maxden = low variability 

Some drugs might affect 
variability, indicating 
activation of several 
autoregulating mechanisms 
to maintain blood flow to 
vital organs, in this case the 
hindquarters. 

dspread3  
Density in attractor 
High dspread3 = high density, lot of red 
Low dspread3 = low density, lot of blue  

Low dspread3 = high variability High 
dspread3 = low variability 
 

rQ25 

Metric extracted from the radial density plot; radial 
position that includes 25% of data, indication of how 
data points are spread over attractor. 
Low rQ25 = high density points close to centre 
High rQ25 = lower density in the centre of the 
attractor  

No clear link to changes in waveform 
(see discussion of metrics, Chapter 5, 
section 5.4.2.1.) 
Potentially: low rQ25 = large diastolic 
nadir, indicating increased wave 
reflection, illustrative example in 
Figure 97.  

? 

vwmaxnorm 

This metric is extracted from stacked polar maps. 
Polar maps at different angles of the attractor are 
stacked and the average of difference between the 
maximum radial values between the maps is 
determined.  
Low vwmaxnorm = small differences between the 
maximum values of the polar maps = high the 
rotational symmetry of the attractor. An illustrative 
example is shown in Figure 98. 

No clear link to changes in waveform 
(see discussion of metrics, Chapter 5, 
section 5.4.2.1.).  
Potentially, in the aortic wave, a low 
vwmaxnorm = flat interbeat interval 
(Figure 98), indicating an increase in 
wave reflection.   

 



Chapter 8: Appendix 

 329 

 

Figure 96: Example of decrease in metric rQ25 in the aortic flow wave. (A) shows the wave, attractor and radial density plot of an animal during the baseline recording. (B) shows the wave, 
attractor and radial density plot of the same animal, 5h post sunitinib-bolus dosing. The decrease in rQ25 (3.71 * 10-3 units in (A) to 2.21 * 10-3 units in (B) was indeed linked with an increase in 
density in the centre of the attractor. In the waveform, an increase in wave reflection (demonstrated by a large decrease in flow in the downstroke, below the purple line) was observed, indicating 
a vasoconstriction downstream of the probe. 
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Figure 97: Example of decrease in metric vwmaxnorm in the aortic flow. (A) shows the wave and attractor of an animal during the baseline recording. (B) shows the wave and attractor of the 
same animal, 5h post sunitinib-bolus dosing. The decrease in vwmaxnorm (0.27 units in (A) to 0.21 units in (B), indicating increase in rotational symmetry) was linked with an increase in wave 
reflection, demonstrated by flatter interbeat interval instead of distinct second peak in the downstroke of the wave. 
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