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Abstract:



During open heart surgery, the haemostasis status of a patient has to be monitored permanently in order to quickly and reliably detect bleeding or coagulation-based disorders. Currently, no single medical device is available to provide a comprehensive solution for monitoring the coagulation status (coagulation, platelets and fibrinolysis). We intend to approach this problem with a rheological method. Here, we compared the performance of an oscillatory rheometer with a medical reference device, a ball coagulometer. Measuring the extrinsic coagulation (prothrombin time; PT), various heparin concentrations (0.5–2.0 IU/mL) could be differentiated and also discriminated from the intrinsic coagulation (activated partial thromboplastin time; aPTT) providing comparable clotting times between rheometer and ball coagulometer. In addition, the oscillatory rheometer was capable to detect the antagonising of heparin with the equimolar concentration of protamine and also the titration of various protamine concentrations (0.5–3.0 IU/mL) to a fixed heparin concentration (2 IU/mL). The addition of increasing concentrations of heparin to citrated blood prolonged the clotting time (CT), changed the slope calculated by linear regression of the elastic and viscous shear moduli (i.e., information of the coagulation process) and changed the value of the shear moduli at the end of the measurement (300 s). These results indicate that the oscillatory rheometer is capable to dynamically measure the haemostasis status with different activators and various inhibitor concentrations.
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1. Introduction


Annually, almost one million procedures in heart surgery are performed worldwide using a heart-lung machine [1]. The extracorporeal circulation (ECC) comprises several methods such as extracorporeal membrane oxygenation (ECMO) to provide respiratory support, extracorporeal life support (ECLS) and ventricular assist devices (VAD) to give cardiac support and dialysis [2,3]. Anticoagulants (e.g., heparin) are necessary to prevent life-threatening coagulation induced by the contact of blood with foreign surfaces [4]. To prevent bleeding or thrombosis during and after ECC, which can last several hours, a continuous monitoring of the coagulation status is necessary [5]. Currently, the modern intensive care does not provide a comprehensive point-of-care solution for the coagulation status and blood clotting problems, because a single medical device that fast and reliably detects all bleeding-based disorders (coagulation, fibrinolysis and platelet function) is lacking so far [2]. Thus, a haemostasis system that is able to perform fast and complex analyses with low or no sample preparation near the patient (point-of-care) is required.



Currently, there are many physical approaches to realise such a haemostasis system, but none can be used as a point-of care system so far. For example a nanomechanic device filled with hydrogels to measure single platelets within a microfluidic channel was suggested as additional platelet function assay [6], but measurement of coagulation dynamics would not be possible. The acoustic radiation force orthogononal excitation optical coherence elastography (ARFOE-OCE) as a non-contact measurement of coagulation in whole blood is advantageous being non-invasive, however, can only determine the elastic shear modulus so far [7]. A laser illumination of the blood sample is detected by a high speed complementary-metal-oxide-semiconductor (CMOS) camera in the Laser Speckle Rheology (LSR) method. A close correlation to conventional coagulation results was recorded by the researchers, still needing further improvements for a miniaturisation towards a hand-held LSR system [8,9].



We intend to address the point-of-care issue by rheometry, which can provide important information about the microstructure and dynamics of complex fluids such as polymer solutions and suspensions of colloid particles. Similar to those technical solutions, human whole blood is a complex suspension of various cell types and proteins that is subject to continuous variations. Mathematical models have shown a correlation between haematocrit and haemodynamic factors. Due to its diverse and changing states human whole blood can be regarded as a Newtonian as well as a non-Newtonian fluid [10,11].



Monitoring the changes in viscoelastic properties of blood clotting provides a real-time indicator of the blood coagulation status of a patient. The conversion of fibrinogen into insoluble fibrin through the enzyme thrombin is an important step in the coagulation process [12]. Afterwards, following the coagulation cascade, fibrin is cross-linked with aggregated platelets leading to a platelet-fibrin mesh. This increases the viscoelastic modulus of coagulated blood [13]. The clotting time (CT) can be obtained by measuring changes of viscoelastic properties of human whole blood, which is an important indicator of the patient’s coagulation status. During the coagulation process the viscoelastic modulus increases over time and the linear slope describes the dynamics of clot formation. The maximum plateau modulus provides information on clot firmness, which is dependent on blood fibrinogen level, fibrin cross-linking and platelet numbers [8].



In the long run, we intend to develop a small and relatively economical rheometer to be used in clinical diagnostics or even in a point-of-care setting. Here, the first step was to investigate if an already commercially used rheometer can detect the coagulation process and differentiate various coagulation assays. In this work, an oscillatory rheometer (‘Kinexus Pro’, Malvern Instruments GmbH, Herrenberg, Germany) was used to measure within the linear viscoelastic region, where a fluid can be reversibly deformed without being destroyed. Between two plates or a plate and a cone a sample is placed and sheared by oscillation. The sample properties determine the selection of the geometry. The cone/plate system is used for homogenous samples or dispersions with a certain particle size (Dmax ≤ 0.1 d; with Dmax particle size and d measuring gap), otherwise the plate/plate system is used. Two measurement modes can be performed to obtain all viscoelastic parameters (complex shear modulus G* with elastic/storage G′ and viscous/loss modulus G″). The first mode applies a sinusoidal angular displacement to the sample and is called deformation-controlled measurement. The second mode (shear stress controlled) applies a sinusoidal torque. This device can measure over frequency (up to 100 Hz) or over time. At low frequencies the low torque signal-to noise level limits the measurement. At higher frequencies inertia effects dominate the measurement [14,15,16]. As a medical reference device, the ball coagulometer was used where a stainless steel ball is kept within a magnetic field. It provides the clotting time in seconds, due to the displacement of the ball by a fibrin thread. The magnetic sensor detects this change in position and the time measurement is stopped. Common used coagulation assays with fibrin formation as end point, such as the Prothrombin time (PT, extrinsic coagulation pathway) or the activated partial thromboplastin time (aPTT, intrinsic coagulation pathway), as well as the fibrinogen concentration can be determined by the ball coagulometer [17,18,19]. Similarly to the ball coagulometer the oscillatory rheometer should also be able to provide the clotting time, but additionally the change of viscous and elastic shear moduli over time during coagulation process and the clot firmness in maximum shear moduli.



The purpose of the current study was to investigate the reliability and repeatability of the oscillatory rheometer and its possible limitations in detecting blood coagulation. To enable adaption of the rheometer for medical application a comparison between the oscillatory rheometer and a ball coagulometer (KC 1A, ABW Medizin und Technik GmbH, Lemgo, Germany) as a medical reference device was performed.




2. Materials and Methods


2.1. Oscillatory Rheometer


A shear stress-controlled measurement (0.01–20 Pa) was performed with Kinexus Pro (Malvern Instruments GmbH, Herrenberg, Germany) at different frequencies to verify which shear stress is located in the linear viscoelastic region. The sample properties determine the selection of the geometry. The oscillatory rheometer used here, was used with a plate/cone system in the shear stress-controlled measurement.



In preliminary experiments, a shear stress of 0.04 Pa with 1 Hz (for aPTT measurement 0.1 Hz) and a 1°/40 mm stainless steel cone geometry with a plate were determined as a compromise of device errors (torque and inertia effects) and measurement time. All measurements were performed at 37 °C. Additionally, a solvent trap was used to prevent drying effects of the sample. A pre-incubation of the blood sample at 37 °C for 2 min was performed before starting the experiment. For each measurement a sample volume of 350 µL was applied and ten independent repetitions performed (n = 10).




2.2. Ball Coagulometer (KC 1A)


As a medical reference device a ball coagulometer was used (KC 1A, ABW Medizin und Technik GmbH, Lemgo, Germany). Citrated blood was pre-incubated with a stainless steel ball in a cuvette at 37 °C for 2 min. Then the activators (Thromborel or Pathromtin and CaCl2, see below) were added to initiate the coagulation process. Inhibitors for coagulation (Na-heparin, see below) were used to prolong the coagulation process. For blood measurements 280 µL (n = 10) of blood—activator/inhibitor mixture was used.




2.3. Blood


Human whole blood was collected by venipuncture in citrate monovettes (0.106 mol/L Trisodium citrate, S Monovette 3 mL 9NC, Sarstedt AG, Nümbrecht, Germany) from healthy volunteers in accordance with the Research and Ethics Unit of the University of Tuebingen, Germany (project approval number 270/2010BO1). Trisodium citrate was chosen as anticoagulant as it reversibly removes the calcium ions in the human whole blood to inhibit the coagulation process. Prior to the blood collection, written informed consent was obtained from all blood donors. Criteria for the blood donators were no smokers, no intake of haemostasis affecting drugs such as acetylsalicylic acid at least 7 days prior to blood donation. Several blood donors were used, but within one test series with 10 repetitions, the same donor was used.




2.4. Prothrombin Time (PT)


Thromborel S (Siemens Healthcare Diagnostics Inc., Marburg, Germany) consists of a lyophilised thromboplastin from the human placenta (≤60 g/L), calcium chloride (about 1.5 g/L), stabilisers and preservatives. It is used to determine the prothrombin time (PT) according to the physician A.J. Quick, which is the function of the extrinsic coagulation system to measure the activities of the coagulation factors II, V, VII and X [20].



When used according to manufacturer’s instructions to determine the PT (two parts Thromborel S mixed with one part citrated blood), the blood is diluted strongly and the rheological properties are altered. Therefore, Thromborel was re-dissolved in a fifth of the recommended volume (2 mL water instead of 10 mL) to achieve a higher concentration and thus a smaller volume of the activator could be added to the blood, keeping the rheological properties closer to the physiological situation. 250 µL citrated blood and 100 µL Thromborel were incubated for 2 min at 37 °C. Afterwards both components were mixed and the coagulation process was initiated.




2.5. Activated Partial Thromboplastin Time (aPTT)


This coagulation assay can detect disorders of the intrinsic pathway. Heparin blood (0.5–3 IU/mL) is mixed with Pathromtin and incubated for 2 min at 37 °C. Pathromtin consists of silicone dioxide particles, vegetable phospholipids, sodium chloride (2.4 g/L), Hepes (pH = 7.6) and as preservative sodium azide (<1 g/L). To initiate the coagulation process CaCl2 (c = 0.025 mol/L) was added. The mixture was prepared with all components in equal volumes (1:1:1). The mixture is applied onto the surface of the oscillatory rheometer and the measurement is started manually.




2.6. Heparin and Protamine


Heparin-sodium (Ratiopharm Merckle GmbH, Blaubeuren, Germany, 25,000 IU/5 mL) was added to citrated blood to obtain a concentration of 0.5, 0.8, 1.0, 1.5, 2.0 and 3.0 IU/mL of heparin.



Heparin inhibits the activation of factor X and inhibits thrombin which is responsible for the transformation of fibrinogen to fibrin. By suitable choice of activators and anticoagulants, the coagulation can be selectively activated or inhibited.



Protamine (MEDA Pharma GmbH & Co. KG, Bad Homburg, Germany) was used to neutralise the effect of heparin. With 1 mL of protamine hydrochloride (c = 10 mg/mL; corresponding to 1000 IU/mL protamine) the effect of 1000 IU added heparin can be neutralised. At first the different heparin concentrations were neutralised by protamine. Additionally, a concentration series with different protamine units (0.5, 1.0, 1.5, 2.0 and 3 IU/mL) were examined on 2 IU/mL of Na-heparin.




2.7. Statistical Analyses


Data are presented as means with standard deviation (SD). Normally distributed data were analysed using One Way ANOVA (for the comparison of two parameters: t-test with F-test) with Bonferroni’s multiple comparison test to analyse differences between groups. Non-normally distributed data were analysed using a non-parametric test (Kruskal-Wallis test with Dunn’s multiple comparison post-hoc test; for comparison of two parameters: Mann-Whitney test). Statistical significance of clotting time (CT), linear slope of elastic and viscous shear moduli and viscous and elastic shear moduli at 300 s were defined as p < 0.05. All statistical analyses were performed using GraphPad Prism (Version 5, GraphPad Software, La Jolla, San Diego, CA, USA). Further diagrams were drawn with the help of Origin Pro 8 (Origin Lab Corporation, Northampton, MA, USA). Mathematical calculations such as the mean, standard deviation (SD) and the linear slope (regression analysis) at the beginning of a measurement were determined with Microsoft Excel 2013.





3. Results


Coagulation monitoring is of utmost importance during ECC and also in various diseases [21]. Here, we investigated the viscoelastic properties over time during coagulation using the oscillatory rheometer and compared the obtained data to a medical reference device (ball coagulometer KC 1A). For the device of interest, the oscillatory rheometer, repeatability was assessed for the most commonly used coagulation measurements. As coagulation without activator varies considerably, different activators and inhibitors were used in order to increase repeatability. First, activation with Thromborel (Prothrombin time, PT), which, due to its fast action, reduces variability between blood donors, was used as reference measurement. Later on, activated partial thromboplastin was measured and protamine antagonism of heparin as well as protamine titration was performed.



3.1. Extrinsic Coagulation


The strong activation of the extrinsic coagulation by tissue factor (Thromborel) can be seen in Figure 1. Repeated measurements (n = 10) of Thromborel-activated blood from the same donor are shown over time (300 s). The data of uncoagulated blood were taken from literature, where an elastic shear modulus of 0.02 Pa (blue dashed line) and a viscous shear modulus of 0.05 Pa (red dashed line) at 1 Hz are given and shown here as a constant dashed line in the diagram [22]. Upon addition of Thromborel coagulation is initiated and the means of viscous and elastic shear modulus increase (Figure 1a). The clotting time (CT) was graphically determined as the intersection between the shear moduli of uncoagulated citrated whole blood (dashed lines) and the linear slope of the shear moduli of citrated blood with the activator Thromborel (see enlarged section in Figure 1b). The identified mean CT by the oscillatory rheometer (25.2 ± 1.2) s was comparable to the provided reference measurement determined by the ball coagulometer (25.4 ± 3.3) s.


Figure 1. The oscillatory rheometer reliably determines the prothrombin time (PT) of citrated blood activated with Thromborel. (a) Mean elastic and viscous shear moduli of citrated blood activated with Thromborel (n = 10 ± SD) are shown over time. The measurement was performed at a shear stress of 0.04 Pa with 1 Hz and a 1°/40 mm stainless steel cone geometry; (b) Enlarged part from diagram (a). The dashed red line at 0.02 Pa visualises the elastic shear modulus and the dotted blue line at 0.05 Pa the viscous shear modulus of uncoagulated citrated blood with no coagulation activator. After the addition of the activator Thromborel an increase of G′ and G″ was observed. The black solid line is the clotting time (CT = 25.2 s).
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Apart from simply determining the CT, the oscillatory rheometer is able to provide further information on the coagulation status, which are summarised in Table 1. The linear slope at the beginning of the measurement describes the change of the shear moduli over time, i.e., this parameter provides information about the dynamics of the coagulation process. The linear slopes (m) of the elastic and viscous shear moduli of citrated blood activated with Thromborel were (600.0 × 10−3 ± 8.0 × 10−3) Pa/s and (100.0 × 10−3 ± 0.029) Pa/s, respectively. At approximately 60 s the initially steep slopes of elastic and viscous shear moduli level out but still increase at a constant albeit very small rate. To compare the shear moduli or clot firmness respectively of each measurement, the timepoint at 300 s was chosen arbitrarily, where the values of viscous and elastic shear modulus were taken in the plateau phase of the experiment. The elastic component measured (18.5 ± 4.5) Pa and the viscous shear modulus (1.7 ± 0.4) Pa. The subsequent measurements with citrated blood and various heparin concentrations were compared with these initial data.



Table 1. Comparative data of Kinexus Pro and KC 1A for the measurement of the prothrombin time (PT) (n = 10). Citrated blood without and with various concentrations of heparin was activated by Thromborel. Summary of the clotting time (CT), elastic (G′) and viscous (G″) shear moduli at 300 s and linear slopes (m (G′) and m (G″)).







	
Sample

	
Kinexus Pro

	
KC 1A

	
Kinexus Pro




	

	
CT/s

	
CT/s

	
G′ (Pa) at 300 s

	
G″ (Pa) at 300 s

	
m (G′/Pa s−1)

	
m (G″/Pa s−1)






	
Control

	
25.2 ± 1.0

	
25.4 ± 3.3

	
18.5 ± 4.5

	
1.7 ± 0.4

	
6.0 × 10−1 ± 0.8 × 10−1

	
1.2 × 10−1 ± 0.3 × 10−1




	
0.5 IU/mL

	
40.3 ± 1.2

	
40.5 ± 1.3

	
18.6 ± 3.9

	
1.8 ± 0.2

	
4.4 × 10−1 ± 0.7 × 10−1

	
9.0 × 10−2 ± 1.8 × 10−2




	
0.8 IU/mL

	
51.4 ± 1.3

	
48.8 ± 4.5

	
17.5 ± 3.9

	
2.0 ± 0.4

	
1.4 × 10−1 ± 0.8 × 10−1

	
2.3 × 10−2 ± 1.3 × 10−2




	
1.0 IU/mL

	
72.3 ± 4.2

	
68.4 ± 7.3

	
1.8 ± 0.5

	
6.5 × 10−1 ± 0.7 × 10−1

	
8.6 × 10−3 ± 2.3 × 10−3

	
4.2 × 10−3 ± 1.2 × 10−3




	
1.5 IU/mL (n = 4)

	
131.5 ± 7.4

	
102.7 ± 10.3

	
0.5 ± 0.3

	
3.0 × 10−1 ± 0.5 × 10−1

	
1.2 × 10−3 ± 0.8 × 10−3

	
9.0 × 10−4 ± 6.3 × 10−4











3.2. Heparin Titration


The addition of increasing concentrations of heparin to citrated blood prolonged the CT, changed the linear slopes of the elastic and viscous shear moduli and changed the value of the shear moduli at the end of the measurement (300 s) (see Table 1, Appendix Figure A1 and Figure A2).


Figure A1. Repeatability measurements of citrated blood with additional heparin activated by Thromborel. Mean elastic and viscous shear moduli of citrated and heparinised (a) 0.5 IU/mL, (c) 0.8 IU/mL) blood activated with Thromborel (n = 10 ± SD) are shown over time. The measurement was performed at a shear stress of 0.04 Pa with 1 Hz and a 1°/40 mm stainless steel cone geometry; (b,d) Enlarged parts from diagrams (a,c), respectively. The dashed red line at 0.02 Pa visualises the elastic shear modulus and the dotted blue line at 0.05 Pa the viscous shear modulus of uncoagulated citrated blood with no coagulation activator. After the addition of the activator Thromborel the increase of G′ and G″ was smaller than without heparin. The inhibitor heparin prolonged the clotting time (CT, black solid line) in comparison to the reference measurement.
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Figure A2. Repeatability measurements of citrated blood with additional heparin activated by Thromborel. Mean elastic and viscous shear moduli of citrated and heparinised (a) 1.0 IU/mL (n = 10 ± SD), (c) 1.5 IU/mL (n = 4 ± SD) blood activated with Thromborel are shown over time. The measurement was performed at a shear stress of 0.04 Pa with 1 Hz and a 1°/40 mm stainless steel cone geometry; (b,d) Enlarged parts from diagrams (a,c), respectively. The dashed red line at 0.02 Pa visualises the elastic shear modulus and the dotted blue line at 0.05 Pa the viscous shear modulus of uncoagulated citrated blood with no coagulation activator. After the addition of the activator Thromborel the increase of G′ and G″ was smaller than without heparin. In comparison to 0.5, 0.8 IU/mL heparin and the reference measurement, the clotting time (CT, black solid line) was further prolonged by 1.0 IU/mL (72.3 s) and 1.5 IU/mL heparin (131.5 s).
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The oscillatory rheometer provided a CT of (40.3 ± 1.2) s for 0.5 IU/mL heparin in citrated blood, which was similar to that measured by KC 1A (40.5 ± 1.3) s. Equally, the other concentrations of heparin yielded similar CT between oscillatory rheometer and ball coagulometer, which were not significantly (ns) different from each other except for 1.5 IU/mL heparin (Table 1, Appendix Figure A3). More importantly, the comparison of the diverse heparin concentrations showed that each concentration had a significantly different CT and could therefore be differentiated from each other. Comparing linear slopes of elastic and viscous shear moduli with the diverse heparin concentrations, it was quite obvious that with increasing heparin concentration the slopes decreased (Table 1, Figure A4a,b) as was expected with a lower clot formation over a certain time period. Interestingly, after 300 s both elastic and viscous shear moduli of the control measurement without heparin, 0.5 IU/mL and 0.8 IU/mL heparin were not significantly different from each other, while the two higher heparin concentrations 1.0 IU/mL (G′ = (1.8 ± 0.5) Pa, G″ = (6.5 × 10−1 ± 0.7 × 10−1) Pa) and 1.5 IU/mL (G′ = (0.5 ± 0.3) Pa, G″ = (3.0 × 10−1 ± 0.5 × 10−1) Pa) showed significantly decreased values (see, Table 1, Figure A4c,d). This indicates that concentrations below 1 IU heparin did increase clotting time but no measurable effect on fibrin network and clot firmness was observed. Moreover, higher heparin concentrations led to higher standard deviations. A higher difference between ball coagulometer and oscillatory rheometer could be observed at citrated blood with a concentration of 1.5 IU/mL heparin. Concentrations of 2.0 and 3.0 IU/mL were not repeatable by ball coagulometer or oscillatory rheometer, and are thus not shown here. In fact, at heparin concentrations above 2 IU/mL, other methods (e.g., Heptest-Stat assay) are used to guide heparin dosing in clinical practise [23].


Figure A3. Clotting time (CT) of citrated blood with various heparin concentrations activated with Thromborel measured with Kinexus Pro (grey) or KC 1A (white). The asterics above the bars indicate that this particular bar is significantly different from all others. Apart from the higher heparin concentration (1.5 IU/mL; * p < 0.05) there was no significant difference between CT measured with both devices. The addition of heparin led to significant increases in CT values (*** p < 0.001) for each concentration and in both devices.
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Figure A4. Analysis of linear slopes of elastic (a) and viscous (b) shear moduli and the elastic (c) and viscous (d) shear moduli at 300 s in Kinexus Pro measurement of citrated blood with additional heparin activated with Thromborel. The linear slopes of the elastic shear moduli (a) were significantly different from each other except 1.0 and 1.5 IU/mL heparin and those of viscous shear moduli (b) were significantly different from each other except the control without heparin and the lowest conentration of 0.5 IU/mL. The asterics above the bars indicate that this particular bar is significantly different from all others. The shear moduli at 300 s (c,d) were indicative of clot firmness. For both elastic (c) and viscous (d) shear moduli, there was a sharp significant decrease obsesrved for 1.0 and 1.5 IU/mL heparin. The two higher concentrations were not significantly different any longer, which hints towards a “yes-no” answer in clot firmness. * p < 0.05, *** p < 0.001, ns-non significant.
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These experiments show that the oscillatory rheometer and the reference medical device provided comparable CT results. Furthermore, the rheometer visualised the coagulation process by the change of viscous and elastic shear moduli over a certain time period. By increasing heparin concentrations the parameters changed towards prolonged CT values, lower linear slopes of viscous and elastic components and lower viscous and elastic shear moduli values.




3.3. Intrinsic Coagulation


A further coagulation assay (aPTT, intrinsic coagulation) was performed in this work to verify that the oscillatory rheometer can detect and even differentiate the coagulation process from the already investigated PT assay. Citrated blood was activated with Pathromtin and CaCl2 to investigate the activated partial thromboplastin time. Preliminary experiments showed that measurements with 1 Hz and a shear stress of 0.04 Pa did not provide repeatable results, because inertia effects were dominating. Therefore, a frequency of 0.1 Hz with the same shear stress was used to obtain the results in Figure 2. Elastic and viscous shear moduli initially showed a short “lag phase” before both changed rapidly over time, similar to the PT (Figure 2a,b). This reflects the strength of the activator, which is stronger for the Prothrombin assay. Similar to the PT assay shown above, the linear slopes and values for elastic (G′) and viscous (G″) shear moduli were determined here as well and the calculated clotting time compared to the reference device KC 1A.


Figure 2. The activated partial thromboplastin time (aPTT) is performed as a further coagulation assay with the oscillatory rheometer. Citrated blood was activated by Pathromtin and CaCl2. (a) The mean of n = 10 measurements with respective standard deviations are shown. The measurement was performed at a shear stress of 0.04 Pa with 0.1 Hz and a 1°/40 mm stainless steel cone geometry; (b) Enlarged part from diagram (a). The dashed red line at 0.02 Pa visualises the elastic shear modulus and the dotted blue line at 0.05 Pa the viscous shear modulus of uncoagulated citrated blood with no coagulation activator. After the addition of the activator Pathromtin and CaCl2 an increase of G′ and G″ was observed. The clotting time (CT) is about 43.7 s (black solid line). The values of G′ and G″ at 300 s are smaller in comparison to the PT control measurements.
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Table 2 summarises the obtained values. It is clearly obvious that here is no significant difference between the clotting times determined via Kinexus (43.7 ± 3.9) s or KC 1A (44.1 ± 4.3) s (Table 2, Appendix Figure A5).


Figure A5. Comparison between PT and aPTT, respectively, measured with Kinexus Pro and KC 1A (n = 10). The asterics above the bars indicate that this particular bar is significantly different from all others. The clotting times (CT) determined with either Kinexus or the ball coagulometer were not significantly different within one assay but significantly longer for aPTT measurements in both devices. *** p < 0.001.
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Table 2. Citrated blood activated by Pathromtin and CaCl2 (n = 10). Summary of the clotting time (CT), elastic (G′) and viscous (G″) shear moduli at 300 s and linear slopes (m (G′) and m (G″)).







	
Test

	
Kinexus Pro

	
KC 1A

	
Kinexus Pro






	

	
CT/s

	
CT/s

	
G′ (Pa) at 300 s

	
G″ (Pa) at 300 s

	
m (G′/Pa s−1)

	
m (G″/Pa s−1)




	
aPTT

	
43.7 ± 3.9

	
44.1 ± 4.3

	
6.2 × 10−1 ± 0.4 × 10−1

	
7.4 × 10−2 ± 1.9 × 10−2

	
2.6 × 10−2 ± 0.4 × 10−2

	
6.4 × 10−3 ± 1.4 × 10−3










Comparing the linear slopes and the G′ and G″ at 300 s between PT and aPTT measurements (Kinexus), these are significantly lower with aPTT assay than with PT assay (Appendix Figure A6a–d), indicating a slower coagulation and less firm clot stability in aPTT. Thus, as the oscillatory rheometer and the ball coagulometer provided significantly different results for the two coagulation assays (PT and aPTT), both devices are therefore capable to differentiate between these two coagulation methods.


Figure A6. Comparison between extrinsic and intrinsic assays determined with the oscillatory rheometer (n = 10). The asterics above the bars indicate that this particular bar is significantly different from all others. The linear slopes of elastic (a) and viscous (b) shear moduli of PT were significantly steeper than for aPTT. Similarly, the clot firmess, described by (c) the elastic and (d) the viscous shear moduli at 300 s were significantly stronger, i.e., higher, for PT than for aPTT measuremets. *** p < 0.001.
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3.4. Antagonising Heparin with Equimolar Concentrations of Protamine


During extracorporeal circulation, human whole blood is usually anticoagulated with heparin. After weaning from ECC, protamine is used as heparin antagonist to restore the initial coagulation state. The following experiments were performed to visualise the ability of the oscillatory rheometer to determine the effect of protamine neutralising heparin. Therefore, citrated whole blood was additionally anticoagulated with 1.0, 2.0 and 3.0 IU/mL heparin and simultaneously neutralised with the equivalent amount of protamine before activation with Thromborel (Figure 3). As reference measurements, citrated blood without heparin (orange curves) and with 1 IU/mL heparin (black curves) were activated with Thromborel. Once a ratio of 1:1 of heparin and protamine was given, the effect of heparin was almost completely abolished and the curves were more or less congruent to the reference measurement of citrated blood with Thromborel. In contrast, the heparin solution with 1 IU/mL showed a prolonged clotting time and a lower slope compared to the reversed heparin measurements. The following table (Table 3) summarises the clotting times, linear slopes and the viscous and elastic shear moduli at 300 s. As before, there was no significant difference between clotting times measured by the oscillatory rheometer and KC 1A, neither at measurements with or without additional heparin or at the various combinations of heparin and protamine (Appendix Figure A7).


Figure 3. Citrated blood was heparinised and antagonised with protamine before activation with Thromborel. The effect of the inhibitor heparin was reversed by the equivalent amount of protamine. Citrated blood (orange) and a heparinised (1 IU/mL) citrated blood (black) activated with Thromborel were the reference measurements. All protamine-neutralised heparin concentrations provided results comparable to the reference measurement of citrated blood without heparin (orange) (n = 5).
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Figure A7. Clotting times (CT) of citrated blood with various heparin and the equimolar protamine concentrations activated with Thromborel (n = 5). The asterics above the bars indicate that this particular bar is significantly different from all others. Comparing CTs measured with KC 1A and Kinexus Pro, there was no significant difference observed, i.e., the systems provided comparable results with the three heparin-protamine combinations. * p < 0.05, *** p < 0.001.
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Table 3. Citrated blood activated by Thromborel (Control) and various concentrations of heparin neutralised with the equimolar amount of protamine were equally activated by Thromborel (n = 5). Summary of the clotting time (CT), elastic (G′) and viscous (G″) shear moduli at 300 s and linear slopes (m (G′) and m (G″)).







	
Sample

	
Kinexus Pro

	
KC 1A

	
Kinexus Pro




	

	
CT/s

	
CT/s

	
G′ (Pa)at 300 s

	
G″ (Pa)at 300 s

	
m (G′/Pa s−1)

	
m (G″/Pa s−1)






	
Control

	
23.7 ± 1.6

	
21.4 ± 2.9

	
22.7 ± 4.3

	
2.0 ± 0.5

	
72.3 × 10−2 ± 7.5 × 10−2

	
16.1 × 10−2 ± 3.0 × 10−2




	
1.0 IU/mL heparin

	
83.3 ± 4.2

	
79.0 ± 5.6

	
2.1 ± 0.05

	
0.7 ± 0.07

	
7.8 × 10−3 ± 2.2 × 10−3

	
5.3 × 10−3 ± 1.2 × 10−3




	
1.0 IU/mL heparin and protamine

	
25.8 ± 0.9

	
24.3 ± 3.5

	
21.5 ± 3.8

	
1.9 ± 0.3

	
39.0 × 10−2 ± 4.0 × 10−2

	
8.1 × 10−2 ± 3.3 × 10−2




	
2.0 IU/mL heparin and protamine

	
26.9 ± 1.3

	
25.4 ± 4.1

	
24.1 ± 2.4

	
2.2 ± 0.4

	
42.7 × 10−2 ± 5.0 × 10−2

	
9.5 × 10−2 ± 0.7 × 10−2




	
3.0 IU/mL heparin and protamine

	
25.9 ± 1.3

	
24.7 ± 4.5

	
23.5 ± 3.6

	
2.1 ± 0.1

	
51.0 × 10−2 ± 3.2 × 10−2

	
11.0 × 10−2 ± 0.1 × 10−2










Furthermore, the clotting times (CTs) of the protamine antagonised heparin concentrations were not significantly different from the control measurement without heparin, but significantly different from the heparinised (1 IU/mL) control samples, providing evidence of the functionality of equimolar protamine as antagonist. An exception was the CT of the ball coagulometer at a concentration 2 IU/mL heparin/protamine that was significantly different from the mean control.



Despite the CT not being significantly different between protamine-antagonised heparin samples and non-heparinised control, the linear slopes of these antagonised samples were significantly different from the control (Figure A8a) indicating a slight shift towards a slower coagulation process than without any heparin or protamine, which is not detectable in the CT. However, the slopes of elastic and viscous shear moduli of the antagonised samples were still significantly different from the heparinised control.


Figure A8. The oscillatory rheometer measurements of heparin-antagonising with protamine in citrated blood activated with Thromborel (n = 5). The asterics above the bars indicate that this particular bar is significantly different from all others. (a) The mean linear slopes of elastic (G′) and viscous (G″) shear moduli (±SD) of citrated blood with heparin and protamine are still significantly less steep than the control sample without heparin, but much steeper than the heparinised sample without protamine; (b) The means of elastic (G′) and viscous (G″) shear moduli at 300 s (±SD) of the protamine-antagonised heparin samples are not significantly different from the non-heparinised control, indicating a similar clot firmness in those samples. * p < 0.05, ** p < 0.01, *** p < 0.001, ns-non significant.
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The mean of elastic and viscous shear moduli at 300 s, indicative of clot firmness, yielded similar tendencies between samples as the CT. All heparin concentrations with their equimolar protamine concentrations were not significantly different from the mean control without heparin (Figure A8b). The heparinised control (1 IU/mL heparin) only showed a significantly reduced mean elastic shear modulus at 300 s compared the non-heparinised control and the protamine-antagonised samples, while the viscous shear modulus was not significantly different between the samples. The oscillatory rheometer is capable to detect the antagonising of heparin with the equimolar concentration of protamine.



The next experimental step was the titration of various protamine concentrations to a fixed heparin concentration, to obtain by titration the current heparin concentration in the blood sample.




3.5. Titration of Various Protamine Concentrations to a Fixed Heparin Concentration


The actual heparin concentration during surgeries is often not known and has to be determined e.g., via back titration with protamine. The aim of this experiment was to investigate if the oscillatory rheometer can measure the back titration of various protamine concentrations (0.5, 1.0, 1.5, 2.0 and 3.0 IU/mL) to neutralise a fixed heparin concentration (2 IU/mL). As control, citrated blood without any heparin was activated by Thromborel (Figure 4, magenta lines). The lower concentrations of protamine (0.5 and 1.0 IU/mL, black and red lines, respectively) were too weak to neutralise heparin and thus the shear moduli shifted to the right indicating a delayed coagulation. However, the other concentrations of protamine (1.5–3.0 IU/mL) showed similar shear moduli as the non-heparinised control. Taking a closer look at the CT values provided by the oscillatory rheometer and KC 1A, there was again no significant difference between both devices (Table 4; Appendix Figure A9). However, only the equimolar concentrations of heparin and protamine resulted in comparable CT values to the control, for all other protamine concentrations, there was a significant difference in CT values within the assay system (Kinexus Pro or KC 1A). Here, the KC 1A showed a slightly better differentiation between protamine concentrations, as only the equimolar concentration was not significantly different from the control. The oscillatory rheometer measurements showed non-significant CT values for the equimolar concentration (2 IU/mL) and 1.5 IU/mL heparin. Furthermore, the linear slopes of viscous and elastic shear moduli were all significantly different from the control measurements without heparin (Appendix Figure A10a), indicating similarly to Figure A8 that there was a slight difference in coagulation between samples that was not obvious in the CT value. A surplus of heparin led to slightly flatter linear slopes (m (G′), m (G″)) compared to the mean control, but a shortage of protamine decreased the slopes by a far greater amount. The equimolar heparin-protamine concentration and 2 IU/mL heparin with 1.5 IU/mL protamine provided almost the same result as the control measurements. The elastic but not the viscous shear moduli at 300 s were significantly different from the control without heparin (Appendix Figure A10b).


Figure 4. Back titration of heparin with protamine. Citrated blood was heparinised (2.0 IU/mL) and simultaneously antagonised with various concentrations of protamine before activation with Thromborel. Citrated blood without heparin activated by Thromborel served as control. The effect of the inhibitor heparin was reversed by various concentrations of protamine (1.5–3.0 IU/mL). Both, 0.5 and 1.0 IU/mL protamine were too weak to reverse the effect of heparin. The lowest protamine concentration of 0.5 IU/mL has a strongly delayed clotting time (CT), a flatter slope and a lower elastic and viscous shear moduli compared to the other measurements.
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Figure A9. Clotting times of the back titration of heparin (2 IU/mL) with protamine (0.5–3.0 IU/mL) (n = 3). The effect of the inhibitor heparin was reversed by various concentrations of protamine. The control measurement was citrated blood with Thromborel. The asterics above the bars indicate that this particular bar is significantly different from all others. Both devices provided similar clotting times and were thus comparable. The lowest protamine concentration of 0.5 IU/mL had a strongly delayed clotting time (CT). The mean CT of the equimolar concentration of protamine/heparin with 2 IU/mL was not significantly different from the clotting time of the control measurement. For Kinexus, the lower concentration of 1.5 IU/mL was also not significantly different from the control. ** p < 0.01, *** p < 0.001.
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Figure A10. Back titration of heparin with protamine determined by the oscillatory rheometer (n = 3). The asterics above the bars indicate that this particular bar is significantly different from all others. Citrated blood was heparinised (2.0 IU/mL) and antagonised with various protamine concentrations before activation with Thromborel. Non-heparinised citrated blood activated by Thromborel served as control. (a) The mean linear slopes of elastic and viscous shear moduli (±SD) were all significantly different from the non-heparinsed control; (b) The elastic shear moduli were significantly different, whereas the visocus shear moduli were not significantly different from the mean control. * p < 0.05, *** p < 0.001.
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Table 4. Summary of the clotting time (CT), elastic (G′) and viscous (G″) shear moduli at 300 s and linear slopes (m (G′) and m (G″)). Citrated blood was heparinised (2.0 IU/mL) and antagonised with various concentrations of protamine (0.5–3.0 IU/mL) before activation with Thromborel (n = 3). Citrated blood without heparin activated by Thromborel served as control.







	
Sample

	
Kinexus Pro

	
KC 1A

	
Kinexus Pro




	

	
CT/s

	
CT/s (KC 1A)

	
G′ (Pa)

	
G″ (Pa)

	
m (G′/Pa s−1)

	
m (G″/Pa s−1)






	
Control

	
28.5 ± 1.4

	
27.2 ± 1.9

	
18.4 ± 4.1

	
1.8 ± 0.4

	
554.5 × 10−3 ± 6.5 × 10−3

	
82.0 × 10−3 ± 1.6 × 10−3




	
2 IU/mL heparin with:




	
0.5 IU/mL protamine

	
108.3 ± 6.8

	
101.4 ± 10.5

	
0.3 ± 0.2

	
1.1 × 10−1 ± 6.9 × 10−1

	
110.0 × 10−5 ± 2.1 × 10−5

	
7.5 × 10−5 ± 3.5 × 10−5




	
1.0 IU/mL protamine

	
69.1 ± 4.4

	
64.2 ± 7.5

	
23.1 ± 3.9

	
2.3 ± 0.9

	
93.5 × 10−3 ± 0.6 × 10−3

	
21.6 × 10−3 ± 1.0 × 10−3




	
1.5 IU/mL protamine

	
37.1 ± 1.8

	
39.9 ± 1.9

	
31.3 ± 3.7

	
2.4 ± 0.4

	
490.0 × 10−3 ± 0.6 × 10−3

	
106.0 × 10−3 ± 3.1 × 10−3




	
2.0 IU/mL protamine

	
29.7 ± 1.6

	
28.1 ± 1.7

	
32.9 ± 4.6

	
2.4 ± 0.2

	
505.0 × 10−3 ± 4.2 × 10−3

	
116.0 × 10−3 ± 2.4 × 10−3




	
3.0 IU/mL protamine

	
38.3 ± 2.2

	
42.7 ± 2.1

	
26.8 ± 4.1

	
2.3 ± 0.5

	
317.2 × 10−3 ± 4.8 × 10−3

	
60.0 × 10−3 ± 1.4 × 10−3










If there is a surplus of protamine, the clotting time is prolonged, the linear slopes and the viscous and elastic shear moduli were lower as in the control measurement. These first experiments indicate that the measurement of the current heparin level by the titration method with protamine can be determined with rheological methods that would normally be performed in clinical practice with the Haemostasis Management system (HMS), but further studies are necessary to confirm these promising results.





4. Discussion


In this study, an oscillatory rheometer was used to evaluate blood coagulation status in dependence of different coagulation activators and inhibitors. We are the first to investigate the applicability of the rheological measurements to the currently used coagulation parameters for intrinsic (activated partial thromboplastin time, aPTT), extrinsic (prothrombin time, PT) coagulation, heparin status and back titration of heparin with protamine. To our knowledge this has not been done as extensively as in our work. The rheometer could differentiate between extrinsic (PT) and intrinsic coagulation (aPTT) in a similar fashion as the reference system KC 1A. Here, the rheometer provided clotting times comparable to those measured with the ball coagulometer (KC 1A). As additional feature, the oscillatory rheometer provided linear slopes of elastic and viscous components that describe the kinetics of the coagulation process as the change of both shear moduli over time. The elastic and viscous shear moduli at a certain time point give information about the portion of each components in the fluid. In this work, we used the shear moduli at 300 s after addition of the coagulation activator Thromborel, which gave an indication of the firmness of the resulting blood clot. The clotting time of the oscillatory rheometer is comparable to the systems detecting the plasmatic coagulation (here ball coagulometer KC 1A). Furthermore, the change of shear moduli over time (linear slopes) and the shear moduli at a certain time point might be comparable to viscoelastic monitoring devices such as free oscillation rheology (FOR) [24] or the Rotational Thromboelastometry (ROTEM).



Apart from simply differentiating between extrinsic and intrinsic coagulation, the oscillatory rheometer was able to differentiate between various heparin concentrations added to the blood samples. Overall, human whole blood in combination with coagulation activator or inhibitor has larger deviations (Kinexus Pro, coefficient of variation for e.g., citrated blood with Thromborel; v1Hz(G′) = 7.11%) than calibration fluids (Kinexus Pro, coefficient of variation for e.g., xanthan 0.2%; v1Hz(G′) = 2.1%), which is due to the biological variation even with the same donor (day-to day variability).



During extracorporeal circulation, the contact of blood to the large foreign surface requires a relatively strong systemic anticoagulation. Therefore, the present heparin concentration should be monitored to timely react with the addition of further heparin if necessary. The results of the heparin and protamine titration showed that with the dynamic measurements of the oscillatory rheometer were more sensitive than those of the ball coagulometer. For instance, the oscillatory rheometer identified all heparin/protamine concentrations as significantly different except the equimolar concentration when measuring clotting times (see Figure A9). In contrast to that, the ball coagulometer could not differentiate between equimolar heparin/protamine and 2.0 IU/mL heparin with 1.5 IU/mL protamine. The oscillatory rheometer (see Figure A10a,b) provided significantly different results (e.g., 2.0 IU/mL heparin/1.5 IU/mL protamine) for the linear slopes (clot formation) and the elastic shear modulus at the end of the measurement (maximum clot firmness). This example shows that further parameters can facillate the interpretation of medical parameters in clinical practice. Further, it might be possible to detect clinical conditions that do not influence the clotting time (e.g., a slight thrombocytopenia), but have an influence on the clot formation and the clot firmness.



So the rheometer was capable to detect the back titration of heparin with protamine which is normally performed with the Haemostasis Management system (HMS). That device determines the level of heparin in the blood, based on a titration with the heparin antagonist protamine. According to Nolde, the equimolar concentrations of heparin and protamine provided the lowest clotting time [25]. A deficit and also a surplus of protamine lead to prolonged clotting time. This is due to the surplus of protamine exhibiting an anticoagulant activity itself by inhibiting factor V activation [26]. This phenomenon could be also observed within the oscillatory rheometer measurements, a surplus of protamine, led to a prolonged clotting time, the linear slopes and the viscous and elastic shear moduli were lower than in the control measurement.



Currently, there are standardly used clotting measurements devices on the market (e.g., the simple KC 1A or sophisticated ROTEM) and also newer devices in their research phase. One example of a novel clotting measurement was reported by Gongting et al. [27]. The resonant acoustic spectroscopy with optical vibrometry (RASOV) measures the clot elastic modulus (CEM in kPa) via acoustic spectroscopy. A magnetic force produces a vibration to the sample surface and the result is a specific resonant frequency. Their study showed that the system is sensitive to various fibrinogen contents and is capable to assess different CEM of purified clots formed with varying amounts of fibrinogen and thrombin. On the one hand, the RASOV has the potential to analyse the clot structure, composition and its functional mechanical properties, but on the other hand it is not able to measure coagulation dynamics like the oscillatory rheometer in this study [27].



Despite several attempts to establish free oscillation rheometry, the Rotational thromboelastometry (ROTEM) remains the gold standard for sophisticated haemostasis monitoring [28]. It is a medical device that is currently used in clinical practice [29,30,31]. The ROTEM uses a fixed cuvette (Cup) with a cylindrical pin that is immersed into the cup filled with whole blood (gap of 1 mm). The movement of the rotating pin is restricted once the blood starts clotting. This is detected by a spring affixed to the pin. The kinetic change is detected optically by an integrated computer (TEMogram). Using several cuvettes at a time with different reagents, it is able to measure the interactions of coagulation factors, inhibitors and cellular components during the phases of clotting and subsequent lysis over time [30,32,33,34]. Compared to the ROTEM, Kinexus Pro provided also information on the coagulation process over time in dependence of the chosen coagulation assay and of various inhibitor concentrations. Furthermore, the rheometer is also capable to provide the clotting time (CT) and the clot firmness at a certain time point. In contrast to the oscillatory rheometer, ROTEM just measures the elasticity of the blood sample, but does not provide information on the shear moduli. Kinexus Pro can measure the change of viscous and elastic shear moduli over time, which might have a potential advantage to analyse the portion of each components in the fluid. Currently, the oscillatory rheometer is still only a research instrument and cannot be used during ECC, due to the need of manual cleaning after each measurement. Nonetheless, the first results of the oscillatory rheometer are promising as the changes can be monitored over time, thus the system might be used in medical research laboratories and maybe for routine measurements. Sophisticated blood analysis, e.g., the dissolution of a blood clot ((hyper) fibrinolysis), have to be analysed by ROTEM [30].



However, the ROTEM is expensive and sensitive to shock. Moreover, it is complicated to operate (many manual pipetting steps and special expertise for the interpretation of the results) and extremely shock sensitive. Thus, a low vibration working place is required and the device cannot be used at the patients’s bedside. Furthermore, the ROTEM needs a relatively long time (up to 40 min, fibrinolysis) to obtain all information compared to the easy coagulation (e.g., ball coagulometer) devices [35].



This might be an advantage of the oscillatory rheometer, as the measurements are faster than with ROTEM but provide more information on coagulation status than ball coagulometer and nearly the information of ROTEM. Nevertheless, future hardware improvements are necessary, including a miniaturisation of the system, due to the lack of space in clinical practice and the option of fast and repeated measurements. A possible solution would be the substitution of the measuring chamber with a disposable chamber functioning as a cuvette. If a disposable chamber cannot be realised, a microfluidic system with connectors from the ECC to the measuring chamber might be another solution. The latter system requires refined microchannels that do not activate blood components by shear force due to turbulences or edges. Otherwise, a thrombus can be generated in the blood sample and provide falsified data of the current haemostasis status.



Additionally, a cleaning and waste reservoir should be integrated into the microfluidic system and pipetting steps minimised by automatisation.




5. Conclusions


In summary, the results of our study indicate that blood coagulation can be measured with the oscillatory rheometer. The use of different activators and various inhibitor concentrations provided a proof-of concept that reliable haemostasis monitoring is possible and comparable to devices used in routine diagnosis. There are currently further studies needed to provide additional evidence of the suitability of the oscillatory rheometer to detect blood coagulation optimisation steps (e.g., miniaturisation, automatisation and fluidic system) in order to create a convenient device to meet our ultimate goal, a haemostasis system near the patient (point-of-care) that performs fast and complex analyses with low or no sample preparation.
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