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Abstract

:

The study of polymers’ rheological properties is of paramount importance both for the problems of their industrial production as well as for their practical application. Two polymers used for embolization of arteriovenous malformations (AVMs) are studied in this work: Onyx-18® and Squid-12®. Viscosity curve tests and computational fluid dynamics (CFD) were used to uncover viscosity law as a function of shear rate as well as behavior of the polymers in catheter or pathological tissue models. The property of thermal activation of viscosity was demonstrated, namely, the law of dependence of viscosity on temperature in the range from 20    °  C to 37    °  C was established. A zone of viscosity nonmonotonicity was identified, and a physical interpretation of the dependence of the embolic polymers’ viscosity on the shear rate was given on the basis of Cisco’s model. The obtained empirical constants will be useful for researchers based on the CFD of AVMs. A description of the process of temperature activation of the embolic polymers’ viscosity is important for understanding the mechanics of the embolization process by practicing surgeons as well as for producing new prospective embolic agents.
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1. Introduction


In modern vascular surgery, more and more preference is given to minimally-invasive interventions that are less traumatic for the patient [1]. One direction for such operations is that the embolization of cancer, arteriovenous malformations (AVMs), fistulas, etc. Depending on the type of pathology, its localization, stage and other medical aspects, embolization polymers differ, respectively, as adhesive and non-adhesive. Adhesive polymers are adhesives based on cyanoacrylate and are designed to cause occlusion, i.e., sealing of, relatively large vessels (fistulas). In contrast, non-adhesive composites are aimed at occluding relatively small vessels (racemose components of the anomaly). The main pathologies for which such polymers are used are tumors and arteriovenous malformations (AVMs). The issues involved in choosing the optimal technique and embolization protocol are actively discussed in the literature. First of all, this is the choice of parameters for the optimality of this process: determining the embolization access—arterial or venous [2], and determining the sequence of using certain composites during embolization in the presence of both the racemose and fistula components of the AVM [3]. The main problems in this case are determining the volume of polymer required for embolization [4], the optimal law of its administration, as well as the function of its consumption depending on time. In fact, these are the only parameters that the surgeon controls after choosing one or the other embolic polymer. This is a very important task of practical medicine; therefore, a large number of medical works are devoted to the discussion of these issues [5,6].



To solve such problems, in recent years, along with experimentation, mathematical modeling has been increasingly used [7,8,9], as well as some trials of promising embolisates [10].



Non-adhesive polymers and polymers based on microspheres are of greatest interest for the study of rheological properties [11]. A feature of non-adhesive drugs is that they do not stick to the vascular wall during precipitation; thus, they have an increased ability to spread in the vascular bed, better filling the blood vessels of pathological formations, and the possibility of a longer and more controlled administration. On the other hand, these substances have an increased tendency to migrate into those vessels of the body where they are undesirable and may be accompanied by clinical complications. This is especially evident in the treatment of high-flow arteriovenous shunts [12,13]. The penetration of such drugs into the venous bed can cause vein thrombosis [14,15] and deterioration of lung tissue perfusion, which can have a negative effect on the whole organism. For adhesive polymers, most of which are based on cyanoacrylate derivatives, the number of possible complications is significantly less and mainly relate to complications associated with catheterization [16]. However, the scope of such polymers is usually large arteries, tumors, and fistulas.



Despite the presence of a number of studies on the chemical and rheological characteristics of the considered embolisates [10,11,17], it is worth noting a rather weak connection in such works with the formulation of medical problems [18], as well as problems from the field of computational modeling [19]. In the works reviewed, little attention is paid to the different temperature ranges and different ranges of shear rates at which embolisates are operated. These seemingly purely medical problems are, in fact, of a fundamental nature and can be solved only with an integrated approach that combines the study of the rheological properties of embolic polymers, as non-Newtonian media, and the study of the laws of motion of such media along with a geometrically complex, branched network of channels of various sizes. Rheological properties of the embolic polymer can vary depending on network geometry. Moreover, it turns out that it is necessary to take into account the detailed thermodynamics of this process, which, unlike the classical problems of hydrodynamics, cannot be considered isothermal.



If, for solving problems of hemodynamics in large vessels, the generally accepted gold standard is the use of Newtonian fluid models, then for solving problems of embolization of a small branched network of vessels with a caliber of up to 1 mm, such an assumption is unacceptable. Non-Newtonian properties begin to manifest themselves significantly in the course of such polymers and play a decisive role. Some information about penetration depth score, the dependence of pressure in a catheter with respect to volume flow rate of the embolic agent, length of reflux and others is known [17,20]. In addition, the rheology of such polymers is complicated by the presence of a contrast media [21,22], which significantly affects the sedimentation of polymers in the vasculature with respect to the origin of the contrasting agent. Figure 1 shows varieties of iodine radiopaque contrast agents (top—nephrotropic, low osmolar iohexol [23]; bottom—iocarmic acid [24]). Since an iodine-containing contrast agent is capable of causing anaphylactic shock, tantalum-containing analogues have been developed. Figure 2 shows the synthesis process of carboxybetaine zwitterionic-tantalum oxide nanoparticles (CZ-TaO NPs) which includes three stages: saline condensation, end-group hydrolysis and purification. In this regard, a number of questions arise considering the rheology of the flow of embolization polymers depending on shear rate and temperature. The last factor is fundamental, since the syringe with the embolic polymer is located in the operating room outside the patient’s body, at a temperature of 20–25    °  C degrees, and the filling of the anomaly node with the embolic polymer occurs inside the patient’s body and is carried out at a body temperature of 37    °  C degrees.



In this paper, an experimental approach to the study of the rheological properties of embolization materials used in clinical practice was considered. To highlight shear rate values that correspond to the physiological state of a human body, a numerical model of AVM embolization with non-adhesive embolization polymers was verified based on rheological test data. In addition to their fundamental importance to the understanding flow mechanics, rheometry data can become the basis for constructing a phenomenological model of the viscosity of such polymers. Therefore, specific parameters are proposed for models of pseudoplastic and dilatant fluids that study the viscosity of embolic polymers both under laboratory (T = 20    °  C) and surgical (T = 37    °  C) conditions.




2. Materials and Methods


2.1. Materials


The embolic polymer material provided by the clinical partner of the research was studied. The material consists of irretrievable remnants of endovascular interventions. Approximately 0.5 mL of material was used for each of the tests. Since the manufacturer’s official instructions recommend shaking the embolic polymer vial for at least 15 min, this necessary procedure was performed before the test. Onyx® and Squid® are gelling solutions that are composed of PVA co-polymers in dimethyl sulphoxide (DMSO) with tantalum (see Figure 3). An ethylene vinyl alcohol co-polymer (48 mol/L of ethylene and 52 mol/L vinyl alcohol) was dissolved in DMSO (see Figure 4). Micronized tantalum powder was suspended in the liquid polymer/DMSO mixture to provide fluoroscopic visualization [25]. As can be seen from the experimental data (see Figure 5), the rheological properties of the considered polymers during their regular agitation and their refusal to agitate significantly change, not only quantitatively (which is typical for both polymers at shear rates exceeding 10 s    − 1   ), but also qualitatively, which is most typical for the Onyx-18® polymer at shear rates less than 1 s    − 1   . In the course of the experiments, the same polymer was used for the Onyx/Squid suspensions with mixed and not-mixed tantalum. In the first case, the bottle was agitated for 15 min; this way, a uniform distribution of the radiopaque contrast agent in the polymer was achieved. However, in the second case, agitation was not used. As a result, a transparent component of the embolic polymer, presented by a solution of vinyl alcohol in DMSO, remained in the test area. Due to this limitation, a number of long-term tests (such as frequency, requiring approximately 40 min to vary the spectrum of physiologically adequate particles) were not performed which would have been of interest for a detailed understanding of polymer rheology.




2.2. Experimental Protocol


The rheological properties of the embolization compositions were studied on an Anton Paar MCR302 rheometer (Austria) using the CP50-1 Cone-Plane measuring system (see Figure 6) with a diameter of 50 mm, minimum clearance of 0.1 mm and an angle of   1 °  . A P-PTD200 Peltier heating system and an H-PTD200 Peltier active housing, designed to minimize temperature gradients in the samples and prevent their evaporation during the measurement process, were used. The specified accessories provide maintenance of the set temperature with an accuracy of    0.01    °   C. Testing was carried out using viscosity curve tests of the rheometer software (RheoCompass 1.30.1164 Release). In the process of testing the studied samples, the dependence of effective viscosity of the embolization compositions on the shear rate at given temperatures (laboratory T = 20    °  C and surgical T = 37    °  C) was determined.




2.3. Numerical Simulations


Numerical modeling of the embolization polymers’ flow through the canal network (see Figure 7) was performed using the ANSYS 2020R2 software package (CFX, license LIH SB RAS). Since the time interval of the embolization effect (the process from the beginning of the introduction of a polymer-based drug to the achievement of the desired clinical effect) is from 20 to 40 min, it is reasonable to model it as a stationary course of the embolic polymer. At the first stage, this model includes a flow in a long, thin tube simulating a catheter through which the embolic polymer is delivered to the circulatory system; the flow in the network is first though diverging, branching vessels and, finally, in vessels that again converge into one vessel.



The catheter wall is considered to be a thin material, but having a non-zero thickness of 0.2 mm. The condition on the fluid wall has type–interface (to take into account heat flux) with no slip velocity condition. At the outlet from the fluid flow region, the condition of zero pressure was set.



The Navier–Stokes equation system for the flow of a viscous, incompressible fluid was used as the governing equation. Considering that    m α  =   ( ρ  u i  Δ  n i  )  α    is the mass flow through the surface of the volume element, Navier–Stokes equations can be written in discrete form for solving the problem using the finite element method [28]:


        ∑ α    m α    (  u j  )  α  −   ∑ α     ( ρ μ   ∂  u i    ∂  x j    Δ  n i  )  α  = −   ∑ α     ( p Δ  n j  )  α          ∑ α    m α  = 0 ,      



(1)




where  ρ —density,  μ —dynamic viscosity, u—flow rate and n—normal vector to the computational domain.



Temperature effects can be neglected for the case of a convergent–divergent channel, since these flow stages occur at body temperature. On the contrary, when liquid flows through a conductor, there is a transition between the flow.



To use the obtained dependence of the polymers’ viscosity on the shear rate in the polymer flow calculations in the AVM model configuration, it was necessary to approximate the experimental data. For this purpose, the viscosity graphs were divided into three different segments; on each segment, the function approximation was performed linearly Figure 8. The temperature of the polymer was assumed to be constant, equal to 37    °  C. Thus, the temperature transition from laboratory conditions (20–25    °  C) to physiological ones was not considered in this simulation option.



The next stage of modeling was the implementation of a numerical calculation of the embolic polymer flow in the catheter using settings similar to the operating room. It was assumed that the catheter consists of two parts—an outer one, which is located outside the patient’s body, and an inner one, which runs from the puncture site in the femoral artery to the AVM nidus. The simulation was performed for the second (internal) segment. A volume flow rate of about 0.6 mL/min was used for conditions at the inlet in this part of the catheter. A catheter with an inner diameter of 1 mm was considered, and the temperature of the supplied embolization polymer was 20    °  C.



Since the polymer supply process can be considered quasi-stationary and the catheter diameter does not change, the shear rate can also be considered unchanged. Therefore, the viscosity of such a polymer must be considered as a function of temperature only at a shear rate of approximately 10 s    − 1    (Figure 9).



At the liquid boundary (contact zone with the stent), the condition for maintaining the heat flux was set [29]:


  Q = −     ∫   ∫    A    q ˙  "   d A ,  



(2)




where


    q ˙  "  = − k Δ T  



(3)







T—heat flux, k—coefficient of thermal conductivity, and A—heat transfer area. Since more than 90% of the polymer solution is DMSO, the known thermal constants of this substance were used [30]:   k = 0.2  w ·  m  − 1   ·  K  − 1     and the specific heat coefficient   c = 0.47   cal/g/C.





3. Results


3.1. Experimental Results


For the purposes of this work, rheological tests were carried out in the cone-plane system (Figure 6). The tests were carried out for two models of embolic polymers that are currently used in clinical practice for AVM embolization.



Similar flow regimes (bleaching 20    °  C and separately 37    °  C) were implemented in two different regions—at the injection site of the embolization polymer into the catheter (corresponding to 20    °  C) and in the AVM nidus (corresponding to 37    °  C). However, in the area of the catheter penetration into the femoral artery, a temperature transition was considered. Therefore, it was useful to study the behavior of embolic polymers in the temperature range of 20–37    °  C:



In a numerical analysis of the flow of viscous liquids at a temperature of 37    °  C, which have a rheology similar to the tested samples of ONYX-18® and SQUID-12® (see Table 1, Figure 10), it turned out that the maximum pressure for ONYX-18® -like liquid significantly exceeds the maximum pressure for SQUID-12® -like liquid in the presence of a fistula, which is easily explained by the need of using more viscous polymers in the presence of large vessels in the AVM nidus.



At the same time, the maximum shear stresses for both polymers remain comparable (see Figure 11). From essential considerations, it may be assumed that the zone of embolic polymer applicability is determined by the local pressure peak, which is achieved for the Onyx flow at d = 1.5, and for the Squid flow at d = 1.75 (see Figure 12). In their instructions, manufacturers indicate the necessity of preventing embolic polymers from entering the venous compartment of circulation only due to the possibility of its thrombosis [31,32]. At the same time, it is seen that a rational approach to selecting embolic polymers, based on the diameter of the vessels of the racimous compartment, is also associated with hydrodynamic factors—excessive pressure can lead to rupture of the AVM. In the absence of large vessels in the AVM nidus, the values of the pressure maxima for both polymers almost completely coincide, and the shear stresses differ only when a certain threshold value of the diameter of small vessels (1–1.2 mm) is exceeded. In addition, it can be seen from the experimental data (Figure 13, Table 2), that the velocity in the racimous part of the AVM decreases significantly and the maximum flow velocity increases for both polymers due to fistula presents.




3.2. Governing Equations for Viscosity


It can be seen from Figure 14 that at both body and laboratory temperatures (  37   °   C and   20   °   C, respectively), the embolic polymers tend to behave like a pseudoplastic liquid with a non-zero flow limit. One of the simplest models of power–law dependence of viscosity on shear rate is the Ostwald–de Waele model. Its generalization of the spatial case of flow gives the following expression for the dependence of viscosity on shear rate [33]:


   μ  e f f   = k  U  n − 1   ,  



(4)




where k—fluid consistency index, U—shear rate, and n—degree of non-Newtonian behavior of a material.



However, the obvious disadvantage of such models is the behavior of viscosity at very large (U >> 1) or, conversely, very small (U << 1) shear rates. Cisco’s rheological model overcomes this shortcoming [34]:


   μ  e f f   =  μ 0  + k  U  n − 1    



(5)




where as   μ 0  , the value of viscosity to which the experimental data tend to stay at high shear rates must be chosen.



From these types of experimental graphs (see Figure 14) and an understanding of the different shear rates for the flow in the catheter and in the rational part of the malformation, it is seen that the interesting shear rate ranges are 10–100 and 0.1–10 s    − 1   . For the first interval, an almost constant value of viscosity is observed. For the second range of shear rates, the viscosity changes, as in a pseudoplastic fluid, increasing with decreasing shear rates.



This law is well approximated by the CM, and the approximation was made in the Wolfram Mathematica package (license of LIH SB RAS). The values of the empirical constants are given in Table 3.




3.3. Understanding of Viscosity Activation Process


The selected model approximates the experimental data quite well (see Figure 14) for the selected interval; however, when it is considered over a larger interval, its approximating ability drops significantly, so it is not recommended to use this model in the shear rate range >10 s    − 1   . Indeed, the mechanism of viscosity for this non-Newtonian fluid at such values of shear rate is completely different, and the viscosity can be conditionally considered constant, although it depends significantly on temperature. Consequently, two interesting remarks can be made through analyzing the obtained experimental data.



First of all, a zone of nonmonotonic dependence of viscosity on shear rate at a value of the latter of about 1 s    − 1    can be noticed (see Figure 15). Moreover, it is seen that this nonmonotonicity is most noticeable precisely at physiological temperatures. This zone of nonmonotonicity can be given the following description. The fact is that the studied preparations are used to embolize a network of small vessels; however, between reaching this small network and leaving the microcatheter, the polymers, within a very short time, are in the vessel of a larger one or, in the case of inserting the tip of the microcatheter into the AVM nidus (which often has aneurysmal dilatations), of a significantly larger diameter, which causes the shear rate of the polymer to move through the region of nonmonotonicity and, as a consequence, a significant decrease in viscosity (about 30%). This, together with the understanding of the presence of vortex formation in the AVM nidus, gives confidence in a more uniform distribution of the polymer from the AVM nidus into the network of small vessels.



Secondly, it gives an understanding that insufficiently heated polymer should not be delivered to the AVM nidus, since its high viscosity can prevent uniform distribution among the network of small vessels exiting the AVM nidus. From Figure 15, it is seen that the Squid-12® polymer is especially sensitive to this. In cases where the embolic polymer is used in neurosurgical operations, the length of the catheter from the site of catheter insertion (usually the femoral artery) to the site of embolic polymer injection is at least 1 m and, according to our numerical simulation (see Figure 16), the embolic polymer has time to warm up in the microcatheter before entering the blood. However, with other approaches and/or operations with infants, where the distance from the site of catheter insertion to the site of injection of the embolic polymer can be measured by only centimeters, one should take into account the fact that the embolic polymer may not completely warm up when it enters the bloodstream, which may affect the uniformity of filling small AVM vessels.



Thirdly, understanding the process of changing the viscosity of the embolic polymer during an operation (see Figure 17) allows us to conclude that the embolization procedure needs to be improved. The fact is that according to the scheme in Figure 17, there is always a bolus of cold embolic polymer, which has a sufficiently high viscosity, between the surgeon and the patient. In our opinion, if you warm up as much of the catheter as possible between the patient and the syringe, then the control of the embolization process should become more accurate, and many different complications should be avoided [35,36].





4. Discussion


From the point of view of fundamental hydrodynamics of complex media, this is the problem in describing the motion of a non-Newtonian fluid. The flow of a viscous fluid in a channel can occur in different modes, depending on the geometric dimensions of the channel and the rheological properties of the fluid. The task of embolization is multiparametric, and the optimal mode depends on several parameters: the cross section of the channel, the rate of its introduction and the rheology of the embolization polymer. The solution of this problem is intended to present a protocol to implement a process of filling with a polymer a geometrically complex, branched network of degenerate vessels of an arteriovenous malformation or tumor, subject to certain conditions that are dictated by the physiology of the blood circulation and the local anatomy of the vessels. In the task of embolizing an anomaly such as an arteriovenous malformation, the characteristic diameter of small vessels in the AVM is about 0.2–1 mm, and the Reynolds number in such channels for blood flow is small, which ensures the laminar nature of the blood flow [33]:


  R e =   ρ u L  μ  ,  








where  ρ —density, u—flow rate, L—hydraulic diameter, and  μ —dynamic viscosity.



The Reynolds number for embolic flow is of the same order at the AVM nidus and will be of a completely different order for catheter flow. Indeed, to proceed from the size of the catheter 6 Fr and the volume of embolization of 0.6 mL/min, then the speed of material in the catheter will be about 3 mm/s. This means that the magnitude of the shear rate, according to Figure 9, is about 10 s    − 1   . Taking into account the results of numerical calculations (for example, for an AVM with a vessel diameter of the racimous part of 0.5 mm), the following values of the Reynolds number for the embolic polymers in the AVM and in the catheter will be


  R  e   s q u i d  20   = 0.44 , R  e   s q u i d  37   = 0.58 , R  e  a v m   = 4.8 ,  








where   R  e   s q u i d  20     is the Reynolds number of the SQUID-12® embolisate in the cold part of the catheter (  T = 20   °   C),   R  e   s q u i d  37     is the Reynolds number in the heated part of the catheter (  T = 37   °   C), and   R  e  a v m     is the Reynolds number for SQUID-12® in the AVM nidus.



Thus, the task of determining the rheology of a polymer is key for its selection and the development of an optimal embolization scenario. This problem can be solved only with an integrated approach, using both experimental approaches to study the rheological properties of polymers, and mathematical and computer modeling to describe the embolization process. Qualitative assessments of the quantities of interest, the shape of the AVM vessels as round, and using the Darcy–Weisbach (DW) and Poiseuille formulas, can be proposed [37,38]:


   h  m p   = λ  l d    c 2   2 g   ,  



(6)






  δ p =   32 μ l c   d 2   ,  



(7)




where   h  m p   —head losses,   δ p  —pressure drop,  λ —Darcy friction factor, l—tube length, c—flow rate, d—tube diameter, g—local acceleration, and  μ —dynamic viscosity.



The first is to calculate the pressure loss in the pipe during the flow of fluid. The second is to evaluate the pressure drop at the inlet and outlet, which is proportional to the viscosity of the fluid and inversely proportional to the square of the pipe diameter. The embolization process in the first approximation can be considered as quasi-stationary, since the polymer supply rate is rather low (see above). Therefore, at a constant pressure drop, which is provided by the surgeon by adjusting the polymer supply through the conductor, and the constancy of other system parameters (tube lengths and viscosity) in the DW formula, AVM vessels with a relatively large cross section will be filled first of all.



This will lead to a decrease in the effective area of the AVM vessels, and hence to an increase in the resistance of this node. To fill smaller AVM vessels, one must either increase the pressure drop or decrease the viscosity of the polymer. Its viscosity, in turn, depends on both the diameter of the vessel and the feed rate, in addition to, as it has been seen in the course of rheometric tests, temperature. It is different for the conditions of the operating room (the outer part of the catheter through which the embolic polymer is injected) and the circulatory zone, and also changes under the influence of heating of the catheter inside the body.



Given the complexity of the embolization procedure and preparation for it [31,32], the operating surgeon faces a challenge regarding the amount and method of administration of the material. The documentation of both studied preparations describes only borderline cases in which the administration of the embolization polymer should be stopped or, conversely, preparation begun for the start of embolization. Manufacturers do not give direct advice or protocols that would unambiguously regulate the embolization procedure of the company precisely because, as discussed above, the rheology of the polymer, the geometry of the flow area and the type of polymer are closely related, which makes it impossible to recommend one or the other protocol at the instruction level. It should be noted that attempts to develop such protocols as well as optimal embolization scenarios have been made in recent years.



The problem under consideration has several fundamentally difficult moments. Firstly, modern hydrodynamics does not have a complete solution to the problem of the flow of even a viscous Newtonian fluid through a bifurcation, or a branching of channels. For a stationary flow, there is only one law of conservation of mass, which does not require knowledge of the properties of the fluid and channel walls. In this case, the only mechanism of energy dissipation is viscous dissipation and vortex formation, which immediately complicates the flow structure, generating secondary flows. The fundamental question about the energy (structure) of such a flow, about the energy loss of the flow during the passage of the tee, is the key to controlling the fluid flow.



Orlowski et al. calculated the flow and observed the results of a numerical calculation of embolization of a two-dimensional cavity [19]; however, the authors did not draw any conclusions about the optimality of the injection process, since the optimal parameters were not introduced and the calculations were not compared with any clinical data. The flow area is a model and, again, does not map to a clinically significant area. The authors of this work used the power law of the dependence of viscosity on the shear modulus. In general, this correctly reflects the nature of rheological relationships. However, this approach is too simplistic, since, as seen from the test results, the coefficients in the rheological models describing them have different values for different polymers.



The first attempts at modelling the embolization process, in which pathological vessels overlap and further flow into a healthy vascular bed occurs, were based on Darcy’s law and the Maag formula [39]. Branched network-type AVM models have been described by Golovin et al. [40]. Furher, the concept of considering AVM nidus embolization as a model of two-component filtration, in which the displaced component was blood and the displacing component was embolization material, which is a Newtonian fluid, was formulated and implemented by Cherevko et al. [41]. Such a simplification is essential, but it allowed the authors to solve the problem of optimal control of both single-stage (total) embolization and multi-stage embolization, when subtotal embolization is performed at all stages except the last one [42]. The use of rheological relations (Table 3) with a known set of constants for the two tested polymers will make it possible to more accurately formulate the law of optimal embolization.



In some papers, the clinical aspects of the use of both embolic polymers were evaluated in detail, and their brief chemical characteristics were given [43,44]. A review of the chemical properties of both the aforementioned embolic polymers and promising embolization hydrogels was carried out [26]. The study of their rheological properties is also an important task for the development of correct recommended protocols.



It should be noted that there are a number of aspects in the study that require further study. Further studies would make it possible to more accurately determine the laws of dependence of the rheology of embolization polymers on temperature. So far, this study has been carried out for a small temperature range. One of the explanations for this limitation is the difficulty in supplying these polymers for laboratory research, since the circulation of such polymers in the Russian Federation is allowed only through medical institutions. In medical institutions, these polymers are strictly accounted for and consumed exclusively for endovascular operations, so such substances can only get into the research laboratory as a “waste of operational activities”. This leads to the fact that the collection of the amount of polymers necessary for all rheological tests took quite a long time. It should be noted that rheological tests of the Phil polymer have also been carried out, but at the moment enough “waste” of this polymer to carry out the entire line of tests has not been collected. Another limitation in our work is the assumption of a model AVM configuration for numerical calculation.



However, a number of authors [2,41] have worked with this kind of model configuration, which reflects the main patterns of fluid flow in a complex network of vessels. Many authors have tried to get a visualization of the flow of embolic polymer inside the AVM nidus [9,19], but so far this activity is associated with significant difficulties. In our opinion, the ultimate goal of modeling is not to reveal the picture of the flow of embolic polymers, but to obtain more general results; such an approach would help to build a model for the optimal selection of an embolization polymer for a particular clinical case and the optimal method for its administration.




5. Conclusions


In the framework of this study, rheological measurement tests of two non-adhesive polymers (Onyx-18® and Squid-12®) used in medicine for AVM embolization were performed. The analysis of the results of these tests showed a significant dependence of the viscosity not only on the shear modulus but also on the temperature. In the course of numerical simulation of model embolization of a branched network of vessels, different behavior of these embolic polymers for fistula and racimous network models was demonstrated, which confirms the need to use embolic polymers of different viscosities for embolization of these AVM parts. Of particular interest is the physical interpretation of the law of dependence of the viscosity of embolic polymers and the mechanism of thermal and shear activation in the AVM nidus. The found non-monotonicity of the dependence of viscosity on shear rate gives a new idea of the non-randomness of this effect and, in general, the viscosity activation algorithm with a change in the viscosity of the embolic polymer opens up a qualitative understanding of the effects that arise during embolization. In addition, this understanding suggests ways to solve problems such as difficult pumping of embolic polymer through a small microcatheter, as well as performing operations on infants by controlling the temperature in the outer (outside the body) part of the catheter. The presented coefficients of the Cisco model will allow numerical hemodynamic specialists to perform calculations in the case of a simultaneous change in shear rate and temperature.
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	Cisco’s model



	DMSO
	Dimethyl sulfoxide



	DW formula
	Darcy–Weisbach formula
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	Wall shear stress









References


	



Jiang, Y.; Zhang, Y.; Lu, Z.; Wang, X.; Bai, S.; Chen, Y.; Mao, J.; Liu, G. Liquid embolic agents for interventional embolization. Chem. Phys. Mater. 2022, 1, 39–50. [Google Scholar] [CrossRef]

	



Lv, X.; Li, Y.; Jiang, C. Percutaneous Transvenous Embolization of Intracranial Dural Arteriovenous Fistulas with Detachable Coils and/or in Combination with Onyx. In Arteriovenous Fistulas—Diagnosis and Management; Tjoumakaris, S., Ed.; IntechOpen: London, UK, 2013. [Google Scholar]

	



Oliveri, F.; Bonsignore, C.; Musumeci, I.; Murabito, P.; Scollo, S.; Rosa, V.L.; Terminella, A.; Cusumano, G.; Sofia, V.; Astuto, M. Arteriovenous Malformation Pulmonary (AVM) in a Post-Cesarean Woman: Intensive Care and Urgent Surgery Operation. Eur. J. Mol. Clin. Med. 2018, 5, 46–50. [Google Scholar] [CrossRef]

	



Baharvahdat, H.; Blanc, R.; Termechi, R.; Pistocchi, S.; Bartolini, B.; Redjem, H.; Piotin, M. Hemorrhagic complications after endovascular treatment of cerebral arteriovenous malformations. Am. J. Neuroradiol. 2014, 35, 978–983. [Google Scholar] [CrossRef]

	



Fennell, V.S.; Martirosyan, N.L.; Atwal, G.S.; Kalani, M.Y.S.; Ponce, F.A.; Lemole, G.M., Jr.; Dumont, T.M.; Spetzler, R.F. Hemodynamics Associated With Intracerebral Arteriovenous Malformations: The Effects of Treatment Modalities. J. Neurosurg. 2018, 83, 611–621. [Google Scholar] [CrossRef] [PubMed]

	



Ondra, S.L.; Troupp, H.; George, E.D.; Schwab, K. The natural history of symptomatic arteriovenous malformations of the brain: A 24-year follow-up assessment. J. Neurosurg. 1990, 73, 387–391. [Google Scholar] [CrossRef] [PubMed]

	



Papapanayotou, C.J.; Cherruault, Y.; De La Rochefoucauld, B. A mathematical model of the circle of Willis in the presence of an arteriovenous anomaly. Comput. Math. Appl. 1990, 20, 199–206. [Google Scholar] [CrossRef]

	



Guglielmi, G. Analysis of the hemodynamic characteristics of brain arteriovenous malformations using electrical models. J. Neurosurg. 2008, 63, 1–11. [Google Scholar]

	



Smith, F.T.; Jones, M.A. AVM modelling by multi-branching tube flow: Large flow rates and dual solutions. Math. Med. Biol. Bf. 2003, 20, 183–204. [Google Scholar] [CrossRef] [PubMed]

	



Lord, J.; Britton, H.; Spain, S.G.; Lewis, A.L. Advancements in the development on new liquid embolic agents for use in therapeutic embolisation. J. Mater. Chem. 2020, 8, 8207–8218. [Google Scholar] [CrossRef]

	



Yang, X.; Wang, S.; Zhang, X.; Ye, C.; Wang, S.; An, X. Development of PVA-based microsphere as a potential embolization agent. Biomat. Adv. 2022, 135, 112677. [Google Scholar] [CrossRef]

	



Okada, H.; Hashimoto, T.; Tanaka, Y.; Sakamoto, H.; Kohno, M. Embolization of Skull Base Meningiomas with Embosphere Microspheres: Factors Predicting Treatment Response and Evaluation of Complications. World Neurosurg. 2022, 162, e178–e186. [Google Scholar] [CrossRef]

	



Akinduro, O.O.; Mbabuike, N.; ReFaey, K.; Yoon, J.W.; Clifton, W.E.; Brown, B.; Wharen, R.E.; Quinones-Hinojosa, A.; Tawk, R.G. Microsphere Embolization of Hypervascular Posterior Fossa Tumors. World Neurosurg. 2018, 109, 182–187. [Google Scholar] [CrossRef] [PubMed]

	



Yeom, Y.K.; Shin, J.H. Complications of Portal Vein Embolization: Evaluation on Cross-Sectional Imaging. Korean J. Radiol. 2015, 16, 1079–1085. [Google Scholar] [CrossRef] [PubMed]

	



Gavrilov, S.G.; Mishakina, N.Y.; Efremova, O.I.; Kirsanov, K.V. Complications and Adverse Events of Gonadal Vein Embolization with Coils. J. Pers. Med. 2022, 12, 1933. [Google Scholar] [CrossRef] [PubMed]

	



Niimi, Y.; Berenstein, A.; Setton, A. Complications and Their Management during NBCA Embolization of Craniospinal Lesions. Interv. Neuroradiol. 2003, 15, 157–164. [Google Scholar] [CrossRef]

	



Kilani, M.S.; Zehtabi, F.; Lerouge, S.; Soulez, G.; Bartoli, J.M.; Vidal, V.; Badran, M.F. New Alcohol and Onyx Mixture for Embolization: Feasibility and Proof of Concept in Both In Vitro and In Vivo Models. Cardiovasc. Intervent. Radiol. 2017, 40, 735–743. [Google Scholar] [CrossRef]

	



Elliott, J.P., Jr.; Hageman, J.H.; Szilagyi, E.; Ramakrishnan, V.; Bravo, J.J.; Smith, R.F. Arterial embolization: Problems of source, multiplicity, recurrence, and delayed treatment. Surgery 1980, 88, 833–845. [Google Scholar]

	



Orlowski, P.; Summers, P.; Noble, J.A.; Byrne, J.; Ventikos, Y. Computational modelling for the embolization of brain arteriovenous malformations. Med. Eng. Phys. 2012, 34, 873–881. [Google Scholar] [CrossRef]

	



Siekmann, R. Basics and Principles in the Application of Onyx LD Liquid Embolic System in the Endovascular Treatment of Cerebral Arteriovenous Malformations. Interv. Neuroradiol. 2005, 5, 131–140. [Google Scholar] [CrossRef]

	



FitzGerald, P.F.; Butts, M.D.; Roberts, J.C.; Colborn, R.E.; Torres, A.S.; Lee, B.D.; Yeh, B.M.; Bonitatibus, P.J., Jr. A proposed CT contrast agent using carboxybetaine zwitterionic tantalum oxide nanoparticles: Imaging, biological, and physicochemical performance. Invest. Radiol. 2016, 51, 786–796. [Google Scholar] [CrossRef]

	



Khokhlov, A.L.; Kabanov, A.V.; Kozlova, O.G. X-ray contrast media: Focus on safety. Med. Vis. 2018, 5, 94–105. [Google Scholar] [CrossRef]

	



GE Healthcare. Omnipaque (Iohexol) Injection; Product label; DailyMed: Bethesda, MD, USA, 2006. [Google Scholar]

	



Van Dellen, J.R.; Lipschitz, R. Meglumine iocarmate (Dimer-X) ventriculography. Clin. Radiol. 1973, 24, 449–452. [Google Scholar] [CrossRef] [PubMed]

	



Loffroy, R.; Guiu, B.; Cercueil, J.P.; Krausé, D. Endovascular Therapeutic Embolisation: An Overview of Occluding Agents and their Effects on Embolised Tissues. Curr. Vasc. Pharmacol. 2009, 7, 250–263. [Google Scholar] [CrossRef] [PubMed]

	



Piacentino, F.; Fontana, F.; Curti, M.; Macchi, E.; Coppola, A.; Ossola, C.; Giorgianni, A.; Marra, P.; Mosconi, C.; Ierardi, A.M.; et al. Non-Adhesive Liquid Embolic Agents in Extra-Cranial District: State of the Art and Review of the Literature. J. Clin. Med. 2021, 10, 4841. [Google Scholar] [CrossRef]

	



Anton Paar GmbH. Instruction Manual. MCR Series. Modular Compact Rheometer. MCR 102/MCR 302. SmartPave 102. MCR 502 S; Anton Paar GmbH: Graz, Austria, 2018; p. 51. [Google Scholar]

	



Lozovskiy, A.; Olshanskii, M.A.; Vassilevski, Y.V. A finite element scheme for the numerical solution of the Navier–Stokes/Biot coupled problem. Rus. J. Numer. Anal. Math. Model. 2022, 37, 159–174. [Google Scholar] [CrossRef]

	



Favre-Marinet, M.; Tardu, S. Convective Heat Transfer; ISTE Ltd.: London, UK, 2009; pp. 1–7. [Google Scholar]

	



Zhou, J.C.; Che, Y.Y.; Wu, K.J.; Shen, J.; He, C.H. Thermal Conductivity of DMSO + C2H5OH, DMSO + H2O, and DMSO + C2H5OH + H2O Mixtures at T = (278.15 to 338.15) K. J. Chem. Eng. Data 2013, 58, 663–670. [Google Scholar] [CrossRef]

	



ONYX Patent and Methodology Information. Available online: https://www.accessdata.fda.gov/cdrh_docs/pdf3/P030004c.pdf (accessed on 1 January 2020).

	



SQUID Methodology and Patent Information. Available online: https://www.debene.com/productos/balt/media/docs/balt_squid_brochure.pdf (accessed on 1 January 2020).

	



Saramito, P. Complex Fluids. Modeling and Algorithms; Springer: Berlin, Germany, 2016; pp. 49–56, 64–65. [Google Scholar]

	



Matvienko, O.V. Investigation of the stabilized flow of pseudoplastic liquid, described by the Sisco model, in the cylindrical tube. Tomsk. St. Univers. J. Math. Mech. 2018, 55, 99–112. [Google Scholar] [CrossRef]

	



Lenton, J.; Kessel, D.; Watkinson, A.F. Embolization of renal angiomyolipoma: Immediate complications and long-term outcomes. Clin. Radiol. 2008, 63, 864–870. [Google Scholar] [CrossRef]

	



Rose, S.C.; Kikolski, S.G.; Chomas, J.E. Downstream hepatic arterial blood pressure changes caused by deployment of the surefire antireflux expandable tip. Cardiovasc. Intervent. Radiol. 2013, 36, 1262–1269. [Google Scholar] [CrossRef]

	



Chaudhry, M.H. Applied Hydraulic Transients, 3rd ed.; Springer: New York, NY, USA, 2013; pp. 48–49. [Google Scholar]

	



Batchelor, G.K. An Introduction to Fluid Dynamics; Cambridge University Press: Cambridge, UK, 2000; pp. 180–181. [Google Scholar]

	



Lv, X.; Wu, Z.; Li, Y. Arteriovenous malformation in the brain: A theoretical study explaining the behavior of liquid embolic agents during endovascular treatment. J. Neuroradiol. 2013, 26, 661–668. [Google Scholar] [CrossRef]

	



Golovin, S.; Khe, A.; Gadylshina, K. Hydraulic model of cerebral arteriovenous malformations. J. Fluid Mech. 2016, 797, 110–129. [Google Scholar] [CrossRef]

	



Cherevko, A.A.; Gologush, T.S.; Petrenko, I.A.; Ostapenko, V.V.; Panarin, V.A. Modelling of the arteriovenous malformation embolization optimal scenario. R. Soc. Open Sci. 2020, 7, 191992. [Google Scholar] [CrossRef] [PubMed]

	



Sharifullina, T.; Cherevko, A.; Ostapenko, V. Optimal control problem arising in mathematical modeling of cerebral vascular pathology embolization. Sci. Rep. 2022, 12, 1302. [Google Scholar] [CrossRef] [PubMed]

	



Vollherbst, D.F.; Chapot, R.; Bendszus, M.; Möhlenbruch, M.A. Glue, Onyx, Squid or PHIL? Liquid Embolic Agents for the Embolization of Cerebral Arteriovenous Malformations and Dural Arteriovenous Fistulas. Clin. Neuroradiol. 2022, 32, 25–38. [Google Scholar] [CrossRef]

	



Venturini, M.; Lanza, C.; Marra, P.; Colarieti, A.; Panzeri, M.; Augello, L.; Gusmini, S.; Salvioni, M.; De Cobelli, F.; Del Maschio, A. Transcatheter embolization with Squid, combined with other embolic agents or alone, in different abdominal diseases: A single-center experience in 30 patients. CVIR Endovasc. 2019, 2, 8. [Google Scholar] [CrossRef]








[image: Polymers 15 01060 g001 550] 





Figure 1. Structures of iodine-containing radiopaque substances. 
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Figure 2. One of the mechanisms for creating tantalum powder for preparing a suspension consisting of an embolizing polymer and powder [17,22]. 
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Figure 3. Schematic chemical formula of an ONYX-type embolic polymer [26]. 
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Figure 4. The structure of vinyl alcohol (left); the structure of DMSO (right). 
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Figure 5. Experimental data of the viscosity dependence on shear rate of Onyx® (left) and Squid® (right) mixed and not mixed with tanthalum powder. 
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Figure 6. Illustrative scheme for testing using a cone-plane system [27]: 1: base of the measuring system; 2: device of the measuring system (in this case, the cone-plane); 3: shaft leading to the gas bearing of the measuring system. 
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Figure 7. Geometry used for numerical calculations: AVM without fistula (left) with varying vessel diameter   d ∈ ( 0.5 , 2 )   mm, AVM with fistula (right) 4 mm in diameter and varying vessel diameter   d ∈ ( 0.5 , 2 )   mm. 
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Figure 8. Experimental data of Onyx® (left) and Squid® (right) viscosity dependence on shear rate and the piecewise linear approximation that was used for numerical simulations (logarithmic scale). 
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Figure 9. Poiseuille profile of the fluid flow and approximate shear rate. 
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Figure 10. Pressure for the configurations with Onyx® (left column) and Squid® (right column) with fistula (above) and without it (below). 
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Figure 11. WSS for the configurations with Onyx® (left column) and Squid® (right column) with fistula (above) and without it (below). 
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Figure 12. Pressure and WSS results of numerical calculations in the configuration with and without fistula for all considered vessel radii. 
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Figure 13. Velocity streamlines for the configurations with Onyx® (left column) and Squid® (right column) with fistula (above) and without it (below). 
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Figure 14. Approximation of experimental data of viscosity dependence on shear rate by Cisco’s model (CM) for the Onyx-18® embolic polymer (top) and the Squid-12® embolic polymer (bottom); for laboratory temperature   T = 20   °   C (left) and for physiological conditions   T = 37   °   C (right). 
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Figure 15. Comparison of experimental data on viscosity versus shear rate for Onyx-18® (left) and Squid-12® (right) embolic polymers. 
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Figure 16. Temperature distribution in the catheter with a non-Newtonian (left) and Newtonian (right) model of Squid-12® viscosity. 
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Figure 17. Viscosity change mechanism during embolization. 
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Table 1. Pressure and WSS results of numerical calculations in the configuration with and without fistula.
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Diameter of the Vessel Racimous Part, mm

	
Fistula

	
Maximum Pressure in Racimous Part, Pa

	
Maximum WSS in Racimous Part, dyne/cm    2   




	

	

	
Onyx-18 ®

	
Squid-12 ®

	
Onyx-18 ®

	
Squid-12 ®






	
0.5

	
−

	
7665.17

	
5588.45

	
441.79

	
329.42




	
0.75

	
−

	
4148.71

	
3083.56

	
298.36

	
225.19




	
0.9

	
−

	
3076.53

	
2290.17

	
220.04

	
166.06




	
1

	
−

	
1432.47

	
1083.3

	
74.77

	
54.32




	
1.25

	
−

	
2146.94

	
1590.51

	
115.62

	
105.26




	
1.5

	
−

	
1246.53

	
938.47

	
100.59

	
80.44




	
1.75

	
−

	
970.86

	
735.596

	
89.33

	
59.29




	
1.9

	
−

	
813.85

	
617.49

	
87.04

	
72.96




	
2

	
−

	
743.36

	
565.05

	
89.49

	
73.23




	
0.5

	
+

	
560.99

	
432.79

	
29.61

	
24.05




	
0.75

	
+

	
529.44

	
406.56

	
33.53

	
27.20




	
0.9

	
+

	
492.31

	
376.38

	
33.80

	
28.91




	
1

	
+

	
340.15

	
261.82

	
24.83

	
23.65




	
1.25

	
+

	
389.53

	
294.17

	
34.85

	
28.13




	
1.5

	
+

	
443.49

	
338.72

	
31.43

	
27.85




	
1.75

	
+

	
400.98

	
649.34

	
32.13

	
26.01




	
1.9

	
+

	
351.55

	
295.15

	
34.19

	
28.08




	
2

	
+

	
378.34

	
288.94

	
52.07

	
43.20
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Table 2. Velocity and shear rate results of numerical calculations in the configuration with and without fistula.






Table 2. Velocity and shear rate results of numerical calculations in the configuration with and without fistula.





	

	
Onyx-18®

	
Squid-12®






	
d = 1 mm

	
Max Velocity

	
Min Velocity

	
Shear Rate

	
Max Velocity

	
Min Velocity

	
Shear Rate




	
Fistula

	
0.15

	
1647.78

	
29.62

	
0.24

	
1635.40

	
30.83




	
Without fistula

	
0.25

	
1548.08

	
45.23

	
0.41

	
1556.58

	
46.60
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Table 3. Values of empirical constants of the CM for the studied embolic polymers at laboratory (  20   °   C) and physiological (  37   °   C) temperatures.
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Embolic Polymer

	
   T = 20   °    C

	
   T = 37   °    C




	

	
    μ 0    

	
k

	
n

	
    μ 0    

	
k

	
n






	
Onyx-18®

	
31.6187

	
1.80968

	
−0.004368

	
18.0138

	
3.17306

	
0.271126




	
Squid-12®

	
19.4711

	
2.9736

	
−0.03329

	
12.1248

	
1.10875

	
−0.5586

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
Ta(OEt),

COOH

v «TaO»

H,0
iPrOH

7 cores

(MeO)Si

(Me0).Si .~~~ ">

J_/N/i B\J\OX
XY 7<

1. Silane condensation
2. Endgroup hydrolysis
3. Purification

(0/S| /\/\N
o /





media/file30.png
Viscosity, mPa*s

50 O
O Temperature 20°C
o
® Temperature 37°C
40 %
o)
o
30 e
[ ]
%
20 ®e o ® ° ° ° °
0 2 4 6 8 10

Shear Rate, 1/s

50

40

Viscosity, mPa*s

Q
(o]
(o)
°o
.O
00.0 o
°
[ J .. [ ]

O Temperature 20°C
® Temperature 37°C

(o] (o]
L )
6 8 10

Shear Rate, 1/s





media/file18.png
Vwall

\

\
\’\
j Vmax
- / d . — Ivmax|
__/ Ymax h /2

—

4

wall





media/file21.jpg





media/file26.png
. locit:

‘elocit e
Stream%enter Streeillméesn:?ro 1
1.647*10" .6

1.227*10°

1.236*10" . "/

\ S | , . N T Nl §
4.120*10° N U 4.090%10° ‘ |

U *
[ =y
1.544*107° - i.:l_SZO]*m’S
/\_2 H a—
= Onyx, d =1.0 mm Squid, d = 1.0 mm
. Velocit
elOCItP/ Stream?l(ne 1
Streamline 1 o
1.509*10° 1.557 *10

1.134*10" 1.168*10"

7.597*10° 7.785*10°

3.850*10° 3.895*10°

- - - 4178107
1.026*10~"
[cm s*-2] [cm s*-2]

Onyx,d =1.0 mm Squid, d = 1.0 mm





media/file27.jpg





media/file3.jpg
PR X
lmn
e RN

Ta(0EY
O g eores 7 Sitane condersation

proH 2. Endgroup hycralysis
3 Purification

o051






media/file22.png
Wall Shear
Contour 1

8.106*10"
7.296*10"
6.485*10"
5.674*10!
4.864*10"
4.053*10!
3.242*10"
2.432*10!
1.621*10°
8.106*10°

0.000*10°
[dyne cm”-2]

Wall Shear
Contour 1

9.049*10"
8.144*10"
7.239%10"
6.334*10"
5.430%10"
4.525*10!
3.620*10"
2.715*10"
1.810*10!
9.049*10°

0.000*10°
[dyne cm”-2]

Onyx,d =1.0mm

Wall Shear
Contour 1

6.921*10"
6.229*10"
5.537*10"
4.845*10"
4.153*10"
3.461*10"
2.769*10"
2.076*10"
1.384*10"
6.921*10°

0.000*10°
[dyne cm"-2]

Squid, d =1.0mm

Wall Shear
Contour 1

7.621*10°
6.859*10"
6.097*10"
5.335*10"
4.573*10!
3.811*10'
3.049*10!
2.286*10!
1.524*10!
7.621*10°

0.000*10°
[dyne cm”-2]

Squid, d = 1.0 mm





media/file19.jpg
Onped=10mm = St d=10mm

St d=10mm





media/file7.jpg





media/file28.png
Viscosity, mPa*s Viscosity, mPa*s

50
[ ]
— - gpproximation line L - @pproximation line
45 30 - .
i ® - experimental data @® - experimental data
40 -
25
35 7
20 -
Shear rate,1/s Shear rate,1/s
0.1 0.5 1 5 0.1

Viscosity, mPa*s Viscosity, mPa*s

r 50 - ¢

50 -
- gpproximation line 3 — - @ppProximation line

[ ’ 40 - . .

40 - @® - experimental data i @® - experimental data
3

30 - 0
20 ——a o o 20 -

[ L [y (] [ Py Py
10 - 10 -

r Shear rate 1/s+ Shear rate 1/s

0.1 0.5 1 5 10 0.1 0.5 1 5





media/file10.png
w

Viscosity, mPa*s
w

- Onyx 18 Not Mixed - Squid 12 Not Mixed

- Onyx 18 Mixed - Squid 12 Mixed

Viscosity, mPa*s

10° 10! 102 103

10° 10! 102 103
Shear rate, 1/s

Shear rate, 1/s





media/file33.jpg
iscosity, mPa's

30,

\ 2)Switching rheology in the laboratory
\ to physiological conditions

25,
N\ _ 1) Flow in the/cold zone of microcatheter

S —

/ ‘4)Flow in the intravascular compartment
of microcatheter

3) Mixing regime in the nidus of AVM =====>
1 2 3 4

20

15,

Shear rate, 1/s.






media/file32.png
Temperature
Plane 1
3.102*10?

3.059*10?

3.016*10?

2.974*102

2.931*10?
(K]

Temperature
Plane 1

(K]

3.102*10?

2.989*102

2.877*10?

2.765*10?

2.653*102






media/file14.png
N

AN
N

50 mm

A\ 4

50 mm

v

N






media/file11.jpg
ca.1mm






media/file6.png





media/file15.jpg





nav.xhtml


  polymers-15-01060


  
    		
      polymers-15-01060
    


  




  





media/file16.png
Viscosity, mPa*s

@65

35

Experimental data
Approximation line

Shee;r rate, 1/s ¢

m ) m
S » o

Viscosity, mPa*s

m
W

Experimental data
Approximation line

eO
Shear rate,

1

~

S





media/file2.png
OH

OH

OH

:
g

OH OH

2T

T LT





media/file20.png
Pressure
Plane 2

6.987%102

5.201*102

3.415%102

1.629%102

-1.573*10"
[dyne cm”-2]

Pressure
Plane 9

1.917*10°
1.438*10°

9.585%102

4.792*102

-1.232*10"
[dyne cm”-2]

Onyx,d =1.0 mm

Pressure
Center 8

5.587%102

4.145%102

2.703*10?

1.261*102

-1.811*10"
[dyne cm”-2]

Pressure
Center 8
1.484*10°

1.113*10°

7.419%102

3.709*10?

-1.032*10 "
[dyne cm”-2]

Squid, d = 1.0 mm

Squid, d = 1.0 mm





media/file23.jpg
P.Pa

&

pressure (with fstla)

d,mm [—
wss, Pa WSS withistua)

H

H

d, mm

§EEE

4. mm

wss, Pa

Pressure (withoutstla)

WSS withoutfistua)





media/file5.jpg





media/file24.png
P, Pa Pressure (with fistula) P, Pa Pressure (without fistula)

1.20 1.20

1.00 1.00

0.80 0.80

0.60 0.60

0.40 0.40

0.00 0.00 II I I l I . . . .
0.75 1.25 1.75 0.75 1.25 1.75

d, mm HOnyx HSquid d’ mm B Onyx M Squid
WSS, Pa WSS (with fistula) WSS, Pa WSS (without fistula)

1.20 1.20

1.00 1.00

0.80 0.80

0.60 0.60

0.40 0.40

0.20 0.20 II II I I II

0.00 0.00 II I I
0.75 1.25 1.75 0.75 1.25 1.75

d, mm d, mm





media/file29.jpg
Viscosity, mPa’s Vscosiy. mPa's

O Temperatre 20C O Temperature 20:C

4 ® Temperature 37°C ® Temperature 37°C
wg
%

‘Shear Rate, 115 Shear Rate, 11s





media/file1.jpg
HO,

0, NH
;
“
<
No/\(\M
WA, b
OH
H
wo LM o o
OH Z
H
N. N

o 1 A

OH

oH





media/file31.jpg





media/file25.jpg
—_—

Onped=10mn

S d=10mm

7 |1:::ﬁg

Oonped=10mm - St d=10mm





media/file12.png
ca. 1 mm






media/file9.jpg





media/file0.png





media/file8.png





media/file34.png
A Viscosity, mPa*s

C\

\ 2) Switching rheology in the laboratory
\ to physiological conditions

N\, 1) Flow in the/cold zone of microcatheter

h

Alow in the intravascular compartment
of microcatheter

D

3) Mixing regime in the nidus of AVM —
1 2 3 4 Shear rate, 1/s

; : : : : : >





media/file17.jpg
wall

Vmax
Dl
max T h/2

>

wall





