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Abstract: 
 
Glyceamic management of critically ill patients reduces mortality and morbidity but imposes great demands on 

medical staff who must take frequent blood samples for the determination of glucose levels. Automated glucose 

monitoring systems, which measure glucose in interstitial fluid (ISF), overcome this resourcing problem but 

struggle with sensitivity loss, time delay and the discrepancy between glucose concentrations in plasma and ISF.  

To overcome these drawbacks, the aim of the present work was to develop two automated glucose monitoring 

systems extracting blood from a peripheral vein and to evaluate them technically and in human clinical studies. 

The first system comprises an intermittent automatic blood sampling system (IABS) linked to a glucose biosensor 

(IAGM). Glucose concentrations obtained from manually drawn reference samples and those taken with the IABS 

system exhibited excellent correlation (Pearson’s correlation coefficient R=0.982 and 0.976, system error 

1.7±9.0% and -3.3±5.5% for 12h and 30h studies, respectively). This system can, in addition, be used to “feed” a 

blood gas analyser (e.g. Roche OMNI) as system errors < ±15% were achieved for most metabolites, ions, blood 

gases and CO-oximetry. Only the values for pO2 and HHb were elevated. 1-point calibrated glucose values, 

obtained fully automatically with the IAGM system, also exhibited a very high degree of correlation (R=0.950, 

system error 1.0±6.6%). Clinical evaluation using Clark’s Error Grid analysis (EGA) revealed, in 100% of cases, 

an accurate and acceptable treatment for the 12h and 30h studies. Automated blood sampling from a peripheral 

vein coupled with automatic glucose determination thus has the potential to provide a viable alternative to 

frequent manual blood sampling. 

The second system continuously heparinises blood at the tip of a double lumen catheter and pumps this through 

a membrane-based microfluidic device to generate protein-free microdialysed blood samples (CMDS). Glucose 

recovery, as an indicator of long term stability, was studied in vitro with heparinised bovine blood and remained 

stable for 72h. 1-point calibrated glucose concentrations of the CMDS system and the reference method 

correlated to a very high level (R=0.960, system error 1.9±11.2%). EGA revealed that the glucose concentrations 

obtained were accurate and clinically acceptable in 99.6% of all cases. The CMDS thus delivers microdialysate 

samples suitable for accurate and long term stable continuous glucose monitoring in blood. 
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Introduction 

1. INTRODUCTION 
 

1.1. Diabetes and its complications 
 
In healthy individuals, blood glucose concentration is maintained by the pancreas between 72-126mg/dl (4 and 

7mmol/l).  This entails balancing the amount of glucose entering the blood stream (e.g. from carbohydrate food 

consumption) with its uptake from the blood stream by cells. After glucose ingestion, this balance is disrupted and 

its re-establishment is predominantly effected by insulin release in a homeostatic process. Insulin, which is 

produced and secreted by the pancreatic β-cells situated in the islets of Langerhans, has extensive effects on 

metabolism and other bodily functions. It causes cells in the liver, muscle, and fat tissue to take up glucose from 

the blood, storing it as glycogen in the liver and muscle and stops the use of fat as an energy source.  

1.1.1. Type 1 and Type 2 diabetes 
 

Diabetes mellitus is a chronic disease that occurs when the pancreas does not produce enough insulin (Type 1, 

previously known as insulin-dependent, juvenile or childhood-onset), or when the body cannot effectively use the 

insulin it does produce (Type 2, formerly called non-insulin-dependent or adult-onset). Type 2 diabetes is much 

more common than Type 1 diabetes, and accounts for about 90% of all diabetes worldwide. Diabetes, if left 

untreated, will often result in blood glucose levels in the range of 270-450mg/dl (15-25mmol/l) and even 

considerably higher [1]. Chronically elevated blood sugar, or hyperglycaemia, leads to serious damage to many of 

the body's systems, especially the heart, blood vessels, eyes, kidneys, and nerves. Diabetes causes about 5% of 

all deaths globally each year: WHO [2] projects that diabetes deaths will double between 2005 (1.1 million) and 

2030. 171 million people in the world had diabetes in the year 2000 and this number will increase to 366 million by 

2030 [3]. 

1.1.2. “Stress diabetes”  
 

Recent medical results have revealed that patients brought to intensive care units (ICU) are at risk of 

hyperglycaemia due to trauma or stress, even without a clinical history of diabetes [4, 5, 6]. The stress of critical 

illness induces glucose counter regulatory hormones and alterations in carbohydrate metabolism, resulting in 

peripheral glucose demands, enhanced hepatic glucose production, insulin resistance and relative insulin 

deficiency [7]. Additionally, clinical interventions such as corticosteroids, vasopressors and enteral or parenteral 

nutrition, elevate blood glucose levels [8]. Hyperglycaemia is associated with adverse clinical outcomes such as 

myocardial infarctions, polyneuropathy and multiorgan failure [9,10]. Stress diabetes must thus be treated to 

improve ICU patient outcome.  

1.2. Management of diabetes 
 
All forms of diabetes have been treatable since insulin was isolated by Sir Frederick Grant Banting and became 

medically available in 1921. Both Type 1 and Type 2 diabetes presently remain incurable however. The aim of the 

current approach to the treatment of Type 1 diabetes is to keep blood sugar levels as close as possible to normal 

("euglyceamia") by external glucose regulation through insulin substitution, (Figure 1), i.e. by mimicking the 

function of the healthy pancreas (“artificial pancreas”). Exogenous insulin is administered to the diabetic patient 

several times per day by subcutaneous or intramuscular injection (syringe or insulin pen) or continuously (insulin 

pump using a catheter placed in the subcutaneous adipose tissue) at dosages that are determined by blood 

glucose levels, carbohydrate intake and level of physical exercise. To reduce the risk of acute hypoglycaemic 
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shock, a life-threatening consequence of low blood sugar level caused by excessive insulin administration, blood 

glucose levels must be monitored continuously or at least several times a day before insulin injection. Spot 

measurements, which are normally performed manually by the diabetic patient, are analogous to still camera 

pictures. A continuous signal, normally generated by an online glucose sensor, in contrast, is comparable to 

video, and provides additional information about the direction and rate of change of the blood glucose level. 

Critically, the more limited information provided by spot measurements compared to continuous monitoring, 

increases the risk of undetected hypo- or hyperglycaemic episodes. Since such episodes influence the severity of 

the complications suffered by diabetic patients, an increased frequency of blood glucose measurement is 

essential to improve the treatment of diabetes. 

 

 

 

Figure 1: Treatment of diabetes mellitus: Insulin substitution therapy; continuous vs. discontinuous measurements 

 
 
Euglyceamic glucose levels are maintained in Type 2 diabetics by dietary management, exercise and the use of 

orally administered anti-hyperglyceamic agents. Insulin substitution therapy is only required for the very few cases 

in which a combination of different anti-hyperglyceamic agents does not normalize blood sugar level. 

 

1.2.1. Management of Type 1 diabetes 
 
As there is currently no artificial pancreas available, diabetic patients must monitor their blood glucose levels and 

self-administer insulin subcutaneously or intramuscularly according to their carbohydrate intake. Since the 

diabetic patient can inject insulin intermittently using syringes or pens or even continuously with well established 

insulin pumps, further development of diabetes management is focused mainly on improved glucose 

determination (see Figure 2). In the past, intermittent glucose determination was performed with urine test strips. 

Nowadays, two main types of devices are used: Intermittent self-monitoring of blood glucose (SMBG) devices and 

continuous glucose monitoring systems (CGMS): 
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Figure 2: Milestones towards the development of an artificial pancreas for Type 1 diabetes 

 

 

SMBG devices (Figure 2), which are easy-to-use hand-held systems for intermittent, real time, point of care 

glucose measurement, are used predominantly for the treatment of Type 1 diabetic patients. A range of SMBG 

devices are available, usually in the form of strips or meters. These differ in the amount of blood necessary for 

each test (at least 0.3µl), the measuring principle (colorimetric, photometric or electrochemical principle), the 

measurement time (at least 5s), the size of the device and their cost. Most SMBG devices have been approved by 

the US Food and Drug Administration (FDA). Blood to feed the SMBG device can be taken very simply by finger 

pricking using lancets which are available with antibacterial properties [11]. The American Diabetes Association 

(ADA) recommends that SMBG should be carried out by the diabetic patient at least three times a day to 

effectively monitor blood glucose over time and determine the need for insulin administration [12].  The reality is 

however starkly different: a survey published in 2001 documented that 39% of diabetic patients taking insulin 

monitored their blood glucose only once a day and 29% did so less than once a month [13].  

 

CGMS which automatically measure glucose concentrations in the subcutaneous adipose tissue represent the 

latest alternatives to SMBG devices. Both minimally invasive and non-invasive CGMS are available. The following 

continuous or near continuous sensor approaches are amongst those used: implantable needle-type sensors, 

minimally invasive sensors based on microdialysis and non-invasive optical spectroscopic sensors. These are the 

“Continuous Glucose Monitoring System Gold”, “Guardian Telemetered Glucose Monitoring System” and 

“Guardian RT” from Medtronic Minimed and the “STS Continuous Glucose Monitoring System” from Dexcom Inc. 

The non-invasive system, the “GlucoWatch G2 Biographer” from Johnson and Johnson (formerly Cygnus) which 

operates by reverse iontophoresis was withdrawn from the market. For the remaining systems, gradients ranging 

from 20% [14] to110% [15] were found between whole blood and extra cellular fluid (ECF) requiring that these 

systems be calibrated using conventional SMBG devices. 

Closing the loop of diabetes management using automated glucose determination followed by automated insulin 

infusion is today relatively uncomfortable: To use CGMS the diabetic patient must place a minimally invasive or 

needle type sensor in his or her subcutaneous adipose tissue using a special inserter. A transmitter, that sends 
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the information to the insulin pump, must then be attached and carried around. Additionally, a catheter must be 

placed in the subcutaneous adipose tissue which is then attached to the insulin pump via tubing.  

One of the aims of this work [16] was, therefore, to address these issues by introducing a “single port” system 

using just one catheter. This would require that only one device, incorporating the sensor and pump in a single 

housing, need be carried around. Additionally the size of this device should be reduced to as few components as 

necessary (e.g. transmitter, receiver, one power supply, etc)  

1.2.2.  Management of “Stress diabetes” 

 
“Stress diabetes” could be managed in a manner similar to the way in which Type 1 diabetes is treated, i.e 

through application of tight glyceamic control (TGC) by external regulation of glucose supported by insulin 

substitution therapy. Exogenous insulin would be administered by intravenous infusions according to blood 

glucose levels and carbohydrate intake from enteral and parenteral nutrition and medication. An “artificial 

pancreas” would address the two main reasons why TGC has not been successfully implemented in European 

ICUs, namely high workloads and the fear of hypoglycaemia. The idea of replacing lost endocrine function with an 

artificial pancreas is more than 45 years old and was introduced in 1963 by Dr. Arnold Kadish [17]. The artificial 

pancreas (Figure 3) consists in principle of four components: a “body interface” to access any body fluid 

containing glucose information (e.g. ECF or blood), a sensor that continuously monitors glucose levels in this 

fluid, an algorithm that calculates the correct insulin dose based on the sensor readings and an insulin infusion 

system. As appropriate insulin pumps are available for ICUs and algorithms suitable to titrate insulin have been 

reported [18], we focused principally on the glucose monitoring component. 

 

 

 
Figure 3: Artificial pancreas  

 
 
The field of stress diabetes management is complicated by the current lack of a broad consensus regarding the 

optimum glucose level target in ICU patients.  

Greete van den Berghe reported a substantial reduction of mortality and morbidity in critically ill patients [19] in a 

clinical study conducted in 2001, involving 1548 surgical ICU patients. Blood glucose was maintained between 

80-110mg/dl (4.4-6.1mmol/l, intensive insulin group) and between 180-200mg/dl (10-11.1mmol/l, conventional 

insulin group). Furthermore a substantial reduction in medical care cost was also an outcome [20]. 

In contrast, in 2009 the Nice sugar study, a large, international, randomized trial involving 6104 patients, reported 

increased mortality among adults in the ICU undergoing intensive glucose control. A blood glucose target of 

180mg/dl (10mmol/l) or less resulted in lower mortality than a target of 81 to 108mg/dl (4.5 to 6) [21]. 
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A Meta analysis involving 26 trials and a total of 13 567 patients could not exclude the possibility that some 

patients may benefit from intensive insulin therapy. Surgical ICU patients for instance appear to benefit [22]. 

Opinion leaders argue that intensive insulin therapy may not always describe the same intervention. In some 

settings, such therapy may have induced large fluctuations in blood glucose, possibly with undetected 

hypoglycaemia alternating with hyperglycaemia. The result is a reduction of average blood glucose level, 

accompanied by fluctuation in blood glucose that may be worse for the patient than constant moderate 

hyperglycaemia [23]. As a result, glycaemic disturbances, including severe hypoglycaemia that occurs during the 

day [24] before symptoms are recognized, or during the night without recognition of symptoms [25] often go 

undetected. 

Whatever the ideal glucose target levels turn out to be, the minimum measurement frequency remains to be 

defined. It is generally agreed that continuous glucose measurement as a part of TGC has the potential to provide 

affordable improvements in the management of glycaemia in the ICU, in particular by filling current glucose “data 

holes”. The sampling intervals in the Greete van den Berghe and Nice Sugar studies were between 1 and 4h. 

More frequent intermittent or continuous measurements, possibly with a bedside device, are however necessary 

to avoid undetected hypoglycaemia. Bremer et al [26] showed that a simple linear model can be used to obtain 

10min predictions from data representing a variety of glycaemic states. In certain circumstances, 20 or 30min 

predictions may also be acceptable. It is therefore clear that strict glyceamic control using intensive insulin 

therapy protocols requires frequent and accurate glucose monitoring. 

This cannot be achieved with hand held glucose meters such as the Roche Accu Chek Inform, which is similar to 

SMBG devices, even if they are specially designed for use in ICUs. The accuracy of SMBG devices may, 

moreover, be affected by skin temperature, measurement site, whether the patient is severely dehydrated, 

hypotensive, in shock, in a hyperosmolar state or when the blood circulation is reduced [27]. Point of Care (POC) 

solutions, such as the Cobas b 221 system (formerly Omni S6), are available in most ICUs, enabling the most 

important critical care blood parameters to be determined within minutes. The Cobas b 221 system is a multi-

parameter analyser for metabolites (e.g. glucose and lactate), blood gas, electrolytes and CO-oximetry. The crux 

of the problem is however that, whatever device is used, frequent manual glucose monitoring is labour-intensive 

and thus expensive. An automated system would provide clear advantages.  

At face value, CGMS, as used for Type 1 diabetic patients, who continuously measure glucose within 

subcutaneous adipose tissue, could provide a solution. Discrepancies between glucose concentrations in blood 

and ECF have however been reported in critically ill patients [28] and in critically ill children [29]. CGMS that sense 

glucose in the ECF of the subcutaneous adipose tissue face the disadvantage of a time lag between blood and 

ECF ranging from 5min [30] to up to 30min [31]. Whilst this may be acceptable for Type 1 diabetic patients, it is 

certainly not for ICU patients who are critically ill. Additionally, since insulin is administered to ICU patients 

intravenously, blood glucose fluctuates more than in Type 1 diabetic patients. This has been confirmed by Klonoff 

[32] who recently reviewed CGMS approved by the FDA for use in the US or Europe and reported that values 

provided by CGMS during hypoglycaemia or periods of rapid fluctuation may be inaccurate unless they are 

repeatedly recalibrated. In addition, a study on CGMS guided insulin adjustment [33] suggested that CGMS are no 

more useful than intermittent finger pricking and the use of SMBG devices. Since blood from an arterial or venous 

line is anyway available in ICU patients, it is obvious from a therapeutic point of view that the gold standard, whole 

blood should be accessed for continuous glucose monitoring in ICU patients. 

Since blood tends to clot outside the body and/or if it contacts artificial surfaces [34], short contact times or 

heparinisation are obvious. Because of the need to avoid systemic heparinisation of ICU patients, especially after 

surgery, systems for extracorporeal heparinisation using a “Double lumen catheter” (DLC) were introduced in the 

1960’s [35].The outer lumen of the DLC is used to deliver a NaCl-Heparin solution to the tip of the catheter to 

prevent coagulation whilst anti-coagulated diluted blood is withdrawn simultaneously through the inner lumen. The 

first commercial product using this technology was the Biostator produced by the Miles Laboratory in 1977. Next 
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generation models were the Glucostator (mtb Zier GmbH, Lonsee, Germany) and the Nikkiso STG-22 which is 

similar to the Glucostator but only available in Japan. These devices were mostly used in clamp studies and not 

designed for ICU use. Via medical [36] in contrast, introduced a non-blood consuming, real time blood glucose 

analyzer using a single lumen catheter to withdraw undiluted whole blood and an ex vivo glucose sensor. This 

device is, to the best of our knowledge, no longer available. Systems using extracorporeal enzyme-based 

electrochemical glucose sensors are vulnerable to a loss of activity and sensitivity due to effects on signal stability 

and enzyme function caused by the settling of high molecular weight proteins onto the sensor surface. Such 

sensor activity loss can be minimized by the use of special polymers as protective coatings for implantable 

sensors.  An alternative to this is the use of microdialysis (µD) [37,38] to extract blood components via a semi-

permeable membrane. High molecular weight compounds are filtered out, before sensing small molecules such 

as glucose. An analyte-free aqueous solution (perfusate) is pumped through the microdialyser and enriched by 

diffusion with molecules smaller than the membrane’s molecular weight cut-off. The analyte concentration in 

dialysate and blood, processed through the microdialyser, are linked up and depend in extracts on flow rates, 

temperature, charge and membrane surface. A critical issue is clot formation around the membrane [39], which 

decreases microdialysis efficacy and necessitates frequent re-calibration. To minimise the time delay before a 

glucose measurement result is available, an intravenous µD catheter rather than an extracorporeal dialyser can 

be used. Intravenous µD was introduced in the 1990’s [40] but the use of this technique in humans has rarely 

been reported [41,42,43,44,45,46,47]. An explanation for this small number of studies might be the lack of 

commercially available probes and thus the risk of embolism associated with implanting a fragile handmade 

membrane into the vascular system. This technique moreover also exhibited decreasing membrane µD 

efficiencies during in vitro and in vivo studies [48,49,50], possibly due to clot formation [51]. Whilst CMA 

Microdialysis AB has recently launched a product for intravenous microdialysis, the IView, published data are as 

et unavailable.  

 

d 

er or through the removal of proteins by extravascular 

microdialysis to improve the sensor’s useful lifetime. 

y

 

Having taken into consideration the advantages and disadvantages of the different state-of-the-art methods, our 

aim within the present work was to simplify the management of stress diabetes through the design, construction 

and evaluation of two systems that automatically extract whole blood either intermittently or continuously from a

peripheral vein. A further aim was to directly process the extracted blood, either directly in a polymer protecte

online glucose sensor, with a SOTA blood gas analys
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1.3. Objectives 
 

To improve the management of stress diabetes, the main objectives of this thesis were to develop and evaluate 

two robust, reliable and simple bedside devices for glucose monitoring in ICU patients during different glycaemic 

conditions. Laboratory analyses and clinical experiments were performed in order to examine the behaviour of 

these systems: 

 

1.) The “intermittent automated blood sampling system” (subsequently called “IABS system”) intermittently 

extracts whole blood from a peripheral vein using a single lumen catheter. This allows glucose determination 

either with an integrated glucose online sensor using special polymers as protective coatings, (subsequently 

called “IAGM system”) or by coupling to a SOTA glucose analyser. 

 

The results are summarized in the publications entitled: 

“A novel automated discontinuous venous blood monitoring system for ex vivo glucose determination in humans” 

and 

 “An automated discontinuous venous blood sampling system for ex vivo glucose determination in humans”. 

 

2.) The “continuous microdialysate sampling system” (subsequently called “CMDS system”) continuously extracts 

diluted whole blood from a peripheral vein using a double lumen catheter and heparin. This mixture is 

subsequently processed by a newly developed extravascular planar flow-through microdialysis device (PFTMD) 

incorporating a new membrane to gain a protein free matrix. 

 

The results are summarized in the publication entitled: 

“Microdialysis based device for continuous extravascular monitoring of blood glucose”  

 

Furthermore, additional studies were performed in order to improve the management of Type 1 diabetes. The 

objective was to develop a single port treatment approach, which allows both variable and controlled insulin 

delivery and simultaneous glucose sampling at a single subcutaneous adipose tissue site in Type 1 diabetic 

patients. 

  

These results are summarized in the publications entitled: 

“Use of the Site of Subcutaneous Insulin Administration for the Measurement of Glucose in Patients with Type 1 

Diabetes”  

and  

“Glucose Levels at the Site of Subcutaneous Insulin Administration and Their Relationship to Plasma Levels” 
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2. RESEARCH DESIGN AND METHODS 
 

2.1. Manual state of the art blood sampling 
 
The SOTA manual blood sampling system (Figure 4) comprises a conventional single lumen catheter (a) to 

access a peripheral vein in the body, an extension line (b) to minimise patient discomfort, two 3-way stop cocks 

(c, d) and two syringes (f, g) attached to the extension line. In addition, sterile 0.9% saline solution (e) is 

connected via a standard fluid administration set to guarantee patency of the system. With the distal 3-way stop 

cock (d) and syringe (g), a predefined amount (normally 5ml) is withdrawn to guarantee withdrawal of undiluted 

blood at the proximal 3-way stop cock (c) and syringe (f) which then contains the actual blood sample. After 

withdrawing an undiluted blood sample with the syringe (f) the blood remaining in the distal syringe is reinfused to 

minimise patient blood loss. Clotting is prevented by flushing the system with physiological saline solution. To 

ensure that saline-free, undiluted blood is sampled, flushing must be stopped prior to each sampling. The dead 

volume of the system from the catheter tip to the proximal 3-way stop cock is 0.7ml.  

 

 

 
 
Figure 4: Manual state of the art blood sampling  
 

 

Materials: Catheter (20 G Tricath, Codan, Germany), two extension lines with a length of 15cm (Extension line, 

Codan, Germany), two 3-way Stop cocks (Smiths), administration set (Com-Flow®-P, HSO Pharma GmbH) and 

physiological saline solution (Fresenius 500ml, Fresenius Kabi, Austria), 5ml syringe as reservoir (Kendall 

Monoject) and a 2ml syringe for sample withdrawal (Kendall Monoject). 
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2.2. Intermittent systems  

2.2.1. Working principle - Intermittent automated blood sampling system (IABS) 

 
The IABS system (Figure 5) mimics the manual SOTA blood sampling process (see 2.1). Before connecting it to 

the subject via a single lumen catheter, it is flushed with sterile 0.9% saline solution (Fresenius, Fresenius Kabi, 

Graz, Austria) to remove air. For each sampling, a blood volume of 4ml is aspirated by a peristaltic pump 

(Minipuls MP3, Gilson, Cedex, France) at a flow rate of 10ml/min and collected in a buffer loop. Saline solution 

within the system is disposed of directly into the waste container via pinch valve 2. Approximately 1.7ml of this 

drawn blood (actual blood consumption of the IABS system) is then immediately branched off  and ~1ml is directly 

pumped into the waste container (partly diluted fluid tail) before collecting undiluted samples of ~0.3ml in a probe 

container of the same type as used for manually drawn reference blood for analysis. The remaining partly diluted 

blood is afterwards also transferred to the waste container. The blood remaining in the buffer loop (approximately 

~2.3ml) is then immediately reinfused into the subject. Following sampling with the IABS system, ~9ml of flushing 

fluid is pumped through the patient line to clean it and to avoid clotting. The whole procedure is finished after at 

most 93s, avoiding coagulation by exposing whole blood to artificial surfaces for an unreasonably long time. The 

in-house assembled tubing system (TYGON S-50-HL, Saint-Gobain Performance Plastics, Beaverton, France, 

sterilized before initial use with ethylene oxide) is afterwards completely flushed using sterile 0.9% saline solution 

to prevent clotting. The sterile saline solution is attached to the system using a standard fluid administration set 

(Infusiomatleitung, B. Braun, Melsungen, Germany), and its fluid level is monitored via a dripping sensor (Type: 

3450578 A, B. Braun, Melsungen, Germany). Flow is controlled using pinch valves (PM-0815W, Takasago 

Electric, Inc., Japan) compatible with the TYGON tubing used. 

A check valve (Part No. 11582, Qosina, Edgewood, NY, USA) prevents reflux and maintains the sterility of the 

saline solution. The dead space of the system from the IV catheter to the sampling site is 0.75ml. For safety 

reasons, pressure changes within the accessed vessel are monitored with a reusable pressure transducer and a 

disposable pressure dome (SP854, Memscap, Norway). The maximum allowed pressure is set at 150kPa, which 

is comparable to the maximum pressure applied by infusion pumps. As well as this, an air-bubble sensor 

(customized sensor, Zevex, Salt Lake City, UT) is used to avoid accidental air infusion. The system’s housing was 

designed by Solid Works (Solid Works, Concord, MA) and rapidly prototyped (FH OOE, Linz, Austria). All 

materials used (e.g. tubing) had been previously approved for in vivo use in humans.  

 

 

 
Figure 5: Schematic of the IABS system  
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2.2.2. Working principle - Intermittent automated glucose monitoring system (IAGM) 

 
The IAGM system (Figure 6) incorporates two additional components into the IABS system. A 2nd Gilson pump 

extracorporeally heparinises the extracted blood sample to a final concentration of 50IU/ml and stores it in a 2nd 

buffer loop until the patient line is flushed. The stored and heparinised blood sample is then uni-directionally 

pumped through the in-house assembled biosensor from SensLab for 10min at 20µl/min and is afterwards 

immediately discarded. The biosensor current is recorded every 10s. The in-house assembled tubing system is 

again afterwards completely flushed using sterile 0.9% saline solution to prevent clotting and to restore the initial 

state of the system. 

 

 

 
Figure 6: Schematic of the IAGM system with ex vivo heparinisation 
 

2.2.2.1. SensLab glucose sensor 

 
The SensLab glucose biosensor (Figure 7) consists of a micro-structured planar flow-through cell (Polycarbonate, 

Thyssen Krupp Schulte, Düsseldorf, Germany) with outer dimensions of 10mm×10mm×2mm (internal volume of 

the measuring chamber: 0.5µl) and a screen-printed amperometric thick film sensor coated with glucose oxidase 

(GOD). The biosensor comprises a plastic support on which three different polymeric carbon paste conducting 

paths are printed. In the area of the indicating window, formed later by the dielectric layer, a platinised carbon 

paste is overprinted on two of these three conducting paths to create respectively working and counter electrodes, 

The third electrode is covered by a silver/silver chloride paste to create the reference electrode. In a final screen 

printing step, an isolating (dielectric) paste is overprinted to define the indicating window of the sensor. The three 

electrode system consists of the working, counter and reference electrodes according to the potentiostatic 

principle. Approximately 31 units (0.5µg) of GOD (Serva, Heidelberg, Germany) are immobilised on the surface of 

the working electrode using polycarbamoyl sulfonate (PCS; prepolymer of polycarbomoyl sulfonate, SensLab, 

Leipzig, Germany) as an entrapping matrix, after which siloprene (Fluka, Schnelldorf, Germany) is deposited at 

the GOD-PCS matrix layer to form a diffusion barrier and protective layer to enable a diffusion-controlled reaction.  
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Figure 7: SensLab Biosensor 
 
 

Glucose is detected by a primary indicating reaction mediated by immobilised GOD, which catalyses the oxidation 

of glucose to glucono delta-lactone and hydrogen peroxide according to Equation 1: 

 

D-glucose + O2 + H2O ⎯⎯⎯⎯⎯   oxidaseesocGlu → D-glucono-1.5-lactone + H2O2    Equation 1
   
 
The hydrogen peroxide generated is then quantified by a secondary electrochemical reaction. Oxidation of 

hydrogen peroxide according to Equation 2 at the surface of the working electrode caused by the application of a 

polarisation voltage of +400mV with respect to the internal silver/silver chloride reference electrode generates an 

anodic electron flow. This electron flow is directly proportional to the glucose content of the sample, which is 

measured by an ampere meter as part of the potentiostat. 

 

  2 H2O2 ⎯⎯⎯⎯⎯⎯⎯⎯ ) (  anodeelectrodeWorking →  O2 + 2H+ + 2 H20 + 2e-    Equation 2
   

2.2.2.2. Pressure Transducer 

 
For safety reasons, pressure changes within the accessed vessel are monitored using a reusable non-invasive 

pressure transducer and a disposable pressure dome (SP854, Memscap, Norway) in the patient line. The 

electrical parts of the sensor, including the piezo-resistive transducer, are completely isolated from the housing. 

The disposable pressure dome is dry coupled to the sensor by a silicone diaphragm. The maximum allowed 

pressure is set at 150 kPa, which is comparable to the maximal allowed pressure in case of occlusion of a SOTA 

infusion pump. Signals are acquired using a 2-Channel, Full Bridge module (SCC-SG04, National Instruments, 

Inc.). The sensor inside the tubing system was calibrated using a pressure/ vacuum transducer module (Rigel 

422, Rigel Medical, Durham, UK) as reference method and a linear correlation of y=1.0329x-2.8791 was found. 

2.2.2.3. Air bubble sensor 

 
For safety reasons, an air bubble sensor was integrated to avoid accidental air infusion into the patient and 

consequent embolism. The customised sensor (Zevex, Salt Lake City, UT, USA) was used as there was no 

sensor available suitable for the tubing used (TYGON®, S-50-HL; ID=0.8mm). The sensor is equipped with a two 

element ultrasonic sensor that detects the air in the patient line or any air bubbles occurring in blood, saline, and 

other common solutions. The air bubble detection threshold is 20µl and its response time less than 4ms. The 
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sensor is non-invasive, meaning that it does not contact the liquid within the tubing. The sensor is dry-coupled, 

and does not require ultrasonic gel for operation. Contact is maintained between the ultrasonic transducer 

elements and the tubing by a housing, which positions the tubing in the sensor. The output will be a logic level 

high (> 4.0 VDC) with fluid in the tubing and a logic level low (< 0.2 VDC) with air in the tubing. Signals were 

acquired with optically isolated digital I/O modules (SC-2345, National Instruments, Inc.). The air volume was 

calculated by taking into consideration the inner diameter of the pump tubing, the speed of the pump and the time 

air bubbles were present at the sensor. The maximal allowed total volume of accidentally infused air was set at 

0.5ml for each subject. 

2.2.2.4. Dripping sensor 

 
A dripping sensor (3450578 A; BBraun, Melsungen, Germany) was integrated into the system to automatically 

detect exhaustion of the flushing fluid and thereby to avoid the entry of air into the disposable tubing system. The 

sensor is designed to be clipped onto a standard administration set for infusion of liquids incorporating a dripping 

chamber. In general the sensor comprises an infrared diode and a phototransistor. The diode was pulsed with a 

frequency of 1kHz (square wave signal with a 50µs high and 950 µs low time). When flushing fluid is present, the 

falling drops behave like an optical barrier between the infrared diode and the photo transistor and thus the 

received frequency is smaller than the sent frequency of 1kHz. When the flushing fluid is finished and drops no 

longer interrupt the signals sent to the photo transistor, the detected frequency increases to 1kHz and an alarm 

message is shown.  

2.2.2.5. Data acquisition 

 
The data acquisition system of the IABS system is based on NI – LAB VIEW® and comprises a notebook 

computer, a 16-bit PCMCIA card (DAQ-Card 6036-E, National Instruments, Inc., Austin, TX), a configurable 

connector (SC-2345, National Instruments, Inc.) and Lab VIEW® 7.0 (National Instruments, Inc.). Data are stored 

in Microsoft Excel worksheet files (Microsoft, Inc., Redmond, WA). The graphical user interface (GUI, Figure 8) of 

the IABS system is designed to be operated by physicians. During standard routine working the blood withdrawal 

procedure can be started, either by pressing the button “start blood withdrawal” or by programming time and date. 

All parts of the IABS system are schematically depicted, giving additionally information about the pressure within 

the system, the position of the valves and remaining time of each action. In case of an emergency, physicians are 

able to interrupt the program at any time point. Both visual and audible alarms are triggered should a system 

failure occur. Parameters necessary for the running of the system (e.g. calibration of sensors) can be managed by 

the technician via a second hidden and more advanced GUI. 

 

 
Figure 8: Graphical user interface of the IABS system 
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The biosensor current (IAGM system, 1-100nA) is acquired at 10s intervals and stored after signal processing 

using a custom made data logger containing an amperometric detection of the potentiostat and 12-bit 

analogue/digital converter (Disetronic, Burgdorf, Switzerland). Data are transmitted to a personal computer via an 

infrared interface using PC software (Disetronic, Burgdorf, Switzerland) and stored in an ASCII format.  

2.2.3. Safety considerations 
 
The following chapter describes the safety considerations, derived from a risk assessment, which had to be 

applied to allow safe operation and evaluation of the newly developed system during human studies. Critical 

issues address in essence the general requirements for medical electrical devices, classification rules, 

biocompatibility, packaging and sterilisation.  

2.2.3.1. Standards and guidelines 

 
The following standards and guidelines were considered: 
 
Number Title 

EN ISO 14971 Application of risk management to medical devices 

MEDDEV 2.4/1 Guidelines for the classification of medical devices 

93/42/EEC Medical devices directive 

IEC 60601-1 Medical electrical equipment, general requirements for safety and essential performance 

IEC 60601-1-1 Medical electrical equipment, general requirements for safety, - Collateral standard: 

Safety requirements for medical electrical systems 

EN 60601-2-24 Particular requirements for basic safety and essential performance of infusion pumps 

and controllers 

ÖVE/ÖNORM, E 

8751-1 

Recurrent test and test after repair of medical electrical devices 

ICH Q2B Guidance for Industry, Validation of Analytical Procedures: Methodology Definitions, 

November 1996 

ISO 15197:2003 In vitro diagnostic test systems - Requirements for blood-glucose monitoring systems for 

self-testing in managing diabetes mellitus 

MEDDEV 2.1/5 Medical devices with a measuring function 

EN ISO 10993-1 Biological evaluation of medical devices - Part 1: Evaluation and testing 

EN ISO 17665-1 Sterilization of health care products - Moist heat 

EN ISO 11135 Sterilization of health care products - Ethylene oxide 

ISO 11607-1 Packaging for terminally sterilized medical devices 

 

2.2.3.2. Electrical safety 

 
The electrical safety of the devices was guaranteed according to IEC 60601. The following measurements were 

performed with a safety tester (UNIMET 1100 ST, Bender, Grünberg, Germany) for normal (NC) and single fault 

condition (SFC) and stored in a database (UniData 1100, v1) prior to clinical investigations:  

 

• Power consumption 

• PE resistance  

• Insulation resistance 
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• Device leakage current (NC, SFC) 

• Earth leakage current (NC, SFC) 

• Patient leakage current  (NC, SFC) 

• Patient auxiliary current  (NC, SFC) 

 

Blood sampling systems are classified as class BF medical devices with one applied part (patient connection). 

This is achieved by isolating the patient connections from the earthed parts. All electrical connectors and 

interfaces were non-interchangeable. The data acquisition system based on NI components was supplied with a 

SELV (Safety Extra-Low Voltage) power source and extra safety features as built into Class I and Class II 

appliances are therefore not required. As the data acquisition systems are attached to other equipment (e.g. 

Gilson pump, Laptop computer) and inter-connected by multiple socket outlets, the IABS system is treated as a 

Class I medical electrical system. Power protection during the clinical investigations was achieved using a non-

interruptible power supply (Back-UPS® RS/XS 1500, APC, USA) with a maximum load of 1500 VA - 865 W.  

An insulated power supply (IPS-1400R3-8K, DeMeTec, Langgöns, Germany) was used in order to run the 

medical systems with a galvanically insulated ground-free power supply, which limits any leakage current. By 

connecting a medical device or system to a network (LAN), the electrical security, accomplished by an insulated 

power supply, is neutralized. A CE-marked, medical network insulation (NwI v1.2, DeMeTec, Langgöns, 

Germany) with attenuation < 0.4dB was therefore used. 

2.2.3.3. Biocompatibility and sterility of disposable parts 

 
Biocompatibility of disposable tubing systems was guaranteed by choosing products (tubing, glue, connectors, 

etc.) certified according to the EN ISO 10993 standard or USP Class VI criteria. The disposable tubing systems 

were assembled in a laminar flow (Clean Air DLF 360, Clean Air Techniek B.V., Woerden, NL) to reduce 

contamination. The vertical airflow and positive pressure inside the workstation ensure product protection by 

preventing the ingress of contaminated room air in the work area. All surfaces were furthermore decontaminated 

before use and assembly was carried out using laboratory gloves. The assembled tubing systems were packed 

twice using sterilisation packaging (MEG 302550, GLP medical, Hamburg, Germany) and a package sealing 

device (Melaseal-101, MELAG, Berlin, Germany).  

The sterility of the disposable tubing systems was finally guaranteed by ethylene oxide (EtO) gas sterilisation 

performed at the local hospital according to “Good Laboratory Practice” (GLP) [52]. 

2.2.4. Technical investigations  

 
Prior to integration of the biosensor into the IABS system, its precision, accuracy and long-term stability was 

evaluated using diluted bovine serum spiked with glucose. The online biosensor was calibrated before the start of 

each experiment using 5, 10, 15 and 20mmol/l standard aqueous glucose solutions prepared by spiking ELO-

MEL (ELO-MEL, Fresenius Kabi, Graz, Austria) with glucose (D-glucose, 108337,Merck KGaA, Darmstadt, 

Germany). 

2.2.5. Clinical investigations  

 
All studies were single centre trials conducted at the Medical University of Graz (MUG), approved by the local 

ethics committee and with written informed consent obtained from all participants before the commencement of 

any trial related activities. Eligible subjects were between 19 and 60 years of age. Exclusion criteria were the 

presence of severe acute and chronic diseases, mental illness, lack of cooperation or language barriers 

precluding adequate understanding or cooperation, prescription of vasoactive substances or medication for 
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anticoagulation or medication that interferes with coagulation, blood donation within the previous 4 weeks, skin 

diseases that could interfere with catheter placement, pregnancy and breastfeeding. Patients were treated 

according to the “Declaration of Helsinki” [53] with “Good Clinical Practice” (GCP) [54,55] and samples were 

analysed according to GLP. Standard operating procedures (SOP) were compiled in order to ensure safe 

operation of the devices. All patient related data were recorded using case report forms (CRF). 

2.2.5.1. Evaluation of the SOTA manual blood sampling procedure 

 
For this open, single centre trial at the MUG, 4 healthy male volunteers (age: 26.34±4.61 years with a body mass 

index of 24.99±2.78kg/m2) that passed the inclusion and exclusion criteria were recruited and attended the trial 

centre in a fasting state. To connect the SOTA manual blood sampling system, a catheter was placed in a 

peripheral vein of each subject. To prevent clotting within the system and in the catheter tip the system was 

flushed with 10ml saline solution after the withdrawal of each blood sample. 

The aim of this study was to investigate two parameters influencing sample dilution and thus to guarantee the 

withdrawal of undiluted blood samples with the SOTA manual blood sampling procedure.  Firstly, the minimum 

required reservoir volume was determined using a fixed time interval of 10min between the withdrawn blood 

samples and a variable reservoir volume of 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5 and 5ml. Secondly, the minimal 

interval between withdrawal of blood samples was determined using a 5ml syringe as reservoir, a syringe to 

withdraw 0.5ml blood samples and intervals of 1, 2, 3, 4, 5, 7 and 10min. Additionally, for reference purposes, 

three individual blood samples were taken at the beginning, middle and end of the experiment by vein puncture. 

The glucose concentrations of the withdrawn blood samples derived by vein puncture and by the SOTA manual 

blood sampling system were used to calculate the dilution. The Beckman Glucose Analyser 2 was used as 

reference method. 

2.2.5.2. 12h study in healthy subjects including OGTT 

 
For the 12h open single centre trial at the MUG, 8 healthy volunteers (7 males and 1 female aged 28.88±3.52 

years with a BMI of 25.11±1.49kg/m2) that passed the inclusion and exclusion criteria were recruited and attended 

the trial centre at 8:00am in a fasting state. For SOTA manual blood sampling, a catheter was inserted into a 

peripheral vein in the left forearm with a controlled saline infusion to prevent clotting. A second catheter was then 

placed in the same forearm and connected to the IABS system. Blood samples were generally withdrawn at 

30min intervals. Following oral administration of 75g of glucose (Glucoral; Unipack, Wr.-Neustadt, Austria) at 

1:00pm to modify the subjects’ glucose concentration profiles, the rate of sampling was increased to 4 samples 

per hour for 3 hours. Manually and automatically drawn blood samples were bedside analysed using a laboratory 

glucose analyser (Omni S6, Roche, Basel, Switzerland). The study comprised of two parts.  The objective of the 

first part (subjects 1–6) was to validate the IABS system through a comparison with the SOTA manual blood 

sampling procedure. In the second part (subjects 7 and 8), the complete IAGM system was validated. Sample 

processing was carried out directly in the subject room and exclusively by qualified study assistants, trained 

according to GLP. 

2.2.5.3. 30h study in healthy subjects including 4 meal ingestions 

 
For the 30h open, single centre trial at the MUG, 6 healthy male volunteers (age: 28.17±2.04 years; BMI of 

23.00±2.41kg/m2) that passed the inclusion and exclusion criteria were recruited. The study subjects attended the 

trial centre at 11:00am on Day 1, having fasted from at least midnight. Catheters for SOTA manual blood 

sampling and the IABS system were again placed within the left forearm of the subjects. The subjects received 4 

meals at 5:00pm (dinner), 9:00pm (snack), 8:00 am (breakfast) and 12:00pm (lunch) to enable the observation of 
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their pre- and postprandial glucose concentration profiles. Blood samples were generally taken at hourly intervals. 

After each meal, however, the frequency of sampling (manual and automatic) was increased to 4 samples per 

hour for 3 hours. Thereafter, 2 samples were taken at 30min intervals before resumption of hourly monitoring. A 

further 7 blood samples were taken throughout the study for the determination of activated partial thromboplastin 

times (APTT) and analysed in the central laboratory of the MUG. Manually and automatically drawn blood 

samples were analyzed using a laboratory glucose analyzer (Glucose Analyzers 2, Beckman Coulter, Brea, CA). 

In order to be able to perform a valid comparison of the results obtained with manually and automatically drawn 

samples, pre-analytical variables were controlled as far as possible. Thus, undiluted samples were collected in 

parallel into the same type of vials, in both cases without the use of additives (e.g., anticoagulants or clot 

activators), and immediately centrifuged to prepare plasma prior to analysis using the Beckmann glucose 

analyser. This process was completed for each sample pair within 5min. Sample processing was carried out 

directly in the subject room and exclusively by qualified study assistants, trained according to GLP. 

2.2.6. Data analysis 

 
Technical evaluation was performed by using glucose data pairs derived from samples generated with the SOTA 

manual blood sampling procedure and the IABS system or with the IAGM system. Calculated evaluation 

parameters included the Pearson’s coefficient of correlation (R), mean difference (MAD), mean absolute 

difference (MAD), mean relative difference (MRD), mean absolute relative difference (MARD), %PRESS and ISO-

criteria, system error over time, success rate, real blood consumption, the amount of flushing fluid administered, 

set-up time and improvement of system patency by introducing a Keep Vein Open (KVO) rate. Clinical evaluation 

was performed by “Clark Error Grid analysis” and by “Insulin Titration Error Grid Analysis”.  Data analysis was 

performed using Microsoft Excel (Microsoft, Inc., Redmond, WA, USA). 

2.2.7. Reference Methods 

2.2.7.1. Roche OMNI S6  

 
The “Omni S6” Point of Care analyser (now cobas b 221 system) from Roche, Basel, Switzerland measures 

metabolites (glucose and lactate), blood gases (pH, pCO2, pO2), electrolytes (sodium Na+, potassium K+, chloride 

Cl-, calcium Ca++, haematocrit (Hct), haemoglobin (tHb module, SO2) and CO-oximetry (O2Hb, HHb, COHb, 

MetHb and tHb) in whole blood, serum or plasma using a maximal sample volume of 172µl. 

Samples can be directly transferred to the analyser or via heparinised capillaries. System and 2-point calibration 

are performed automatically with internal standards at least once a day. 

2.2.7.2. Beckman Glucose 2 Analyser 

 
The “Beckman Glucose 2 Analyser“ (Beckman Coulter, Inc., Brea, CA, USA) determines glucose concentrations 

enzymatically using glucose oxidase. Around 60 samples per hour can be measured using just 10μl of serum, 

plasma or urine. The device was calibrated prior to each measurement series using a 150mg/dl aqueous standard 

in accordance with an SOP stipulating that five subsequent measurements must have an accuracy of <3%. The 

injection of the sample into the device is a crucial step for the determination of valid glucose readings and was 

therefore only carried out by skilled medical staff. All measurements were performed in duplicate. 
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2.3. Continuous Microdialysate Sampling (CMDS) 

2.3.1. Working principle 
 
The CMDS system (Figure 9) uses a double lumen catheter (DLC; mtb GmbH, Lonsee, Germany) to continuously 

withdraw blood from a peripheral vein with a peristaltic pump (Minipuls MP3, Gilson, Cedex, France). To prevent 

coagulation, a NaCl-Heparin solution (50IU/ml) is delivered to the tip of the catheter via the outer lumen of the 

DLC using a second peristaltic pump (also Gilson Minipuls MP3) at a flow rate of 2ml/h. Anti-coagulated blood is 

withdrawn simultaneously through the inner lumen of the DLC at a flow rate of 4ml/h. Backflux of potentially 

contaminated blood from the waste compartment is prevented by using peristaltic pumps uni-directionally.  

The anti-coagulated blood is pumped during the planar flow through microdialysis device (PFTMD) and 30μl 

samples are collected for off-line glucose analysis. All pumps are PC controlled using Lab VIEW® 7.0 software on 

a notebook and a NI 9263 4-Channel 16-Bit DAQ module (all from National Instruments, Inc., Austin, TX, USA). 

 

 

 

 
Figure 9: Schematic of CMDS system with extracorporeal heparinisation 
 

The PFTMD (Figure 10a) consists of a semi-permeable membrane sandwiched between two polycarbonate 

plates (37×33×8mm, Makrolon Rx-1805 from Bayer AG, Leverkusen, Germany). Meandering microfluidic 

channels, each with a volume of 8μl, are engraved on the plates' surfaces. The first plate is connected to the DLC 

with TYGON tubing (S-50-HL, ID=0.25mm, OD=0.75mm, l=1.5m, Saint-Gobain Performance Plastics, Beaverton, 

France) using re-usable, custom-made HPLC connectors and perfused with heparinised blood. The second plate 

is connected to a 5% Mannitol solution (Fresenius Kabi, Graz, Austria) with TYGON tubing (R-3606, ID=0.19mm, 

OD=2.01mm) and is perfused counter-currently. The highly porous hydrophilic PAES flat sheet membrane  

(Figure 10b) Gambro, Hechingen, Germany, molecular weight cut-off=10kDa, thickness=60μm, liquid permeability 

=2–3×10−4cm³/(cm² sec bar)) is custom made (Figure 10b) and combines rapid diffusive and controlled convective 

transport characteristics. Its selective layer on the blood contacting side (selective pore diameters ranging from 

2–10nm) provides an extremely “smooth” blood contacting surface, which reduces cell and protein adhesion to 

the membrane’s surface and thus prevents a loss of dialysis efficiency.  
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Figure 10a.) Microfluidic plates of PFTMD  b.) Cross section of MD membrane: Magnification: 600 vs.20.000 

 

2.3.2. Safety considerations 
 
Safety considerations for the CMDS system are described in 2.2.3. Electrical safety is described in 2.2.3.2. The 

CMDS system is treated, similarly to the IABS system, as a Class I medical electrical systems with one applied 

component of class BF. The risk assessment revealed no need for an air bubble sensor since, in contrast to the 

IABS system, the CMDS system withdraws blood continuously and does not reinfuse blood. Accidental air 

infusion is therefore impossible. Pressure monitoring was furthermore not integrated into the CMDS system 

because a flow rate of 2ml/h instead of 10ml/min (IABS system) is used and injury to the patient’s vein is thus 

very unlikely to occur. A low flow rate also enabled the use of heparin and perfusate containers large enough for 

the entire experiment, which rendered unnecessary the integration of a dripping sensor. 

Biocompatibility of disposable tubing systems was guaranteed by choosing products (tubing, glue, connectors, 

etc.) certified according to EN ISO 10993 standard or USP Class VI Criteria, which were connected to the CE-

marked tubing system of the DLC. Disposable tubing systems were also assembled in a laminar flow. The tubing 

systems and single use membranes were packed twice. Again the sterility of the disposable parts was guaranteed 

by EtO gas sterilisation at the local hospital according to GLP. As the PFTMD is a multi-use device, plates and 

connectors were steam-sterilised (FEDEGARI, AUTOCLAVI SPA, Albuzzano, Italy) at 121°C for 20min before 

each experiment.  

2.3.3. Technical investigations - Optimization of flow cell recovery efficiency 

 
Five PFTMDs were tested in vitro over 72h to find operating conditions maximising relative recovery whilst 

minimising transport delay times. Tests were performed using anticoagulated, glycolysis-inhibited and 

temperature controlled (37°C) bovine blood as test matrix (anticoagulation: potassium oxalate 500mg/l of blood; 

glycolysis inhibition: sodium fluoride 750mg/l of blood) and 5% Mannitol as perfusate. Bovine blood flow rate was 

fixed at 4ml/h, whereas perfusate flow rate was varied between 2, 3, 5 and 10μl/min. Reference blood samples 

(100μl) were taken directly from the blood pool at hourly intervals. Continuously withdrawn blood samples (100μl) 

were collected at the outflow of the PFTMD. All samples were centrifuged and the supernatant (plasma) collected 

for glucose analysis. Dialysate samples (25μl) were collected at the dialysate outflow of the PFTMD. All samples 

were frozen at −80°C for subsequent glucose analysis with a Roche Cobas Mira analyser using Cobas Gluco-

quant and Glucose/Hexokinase (Roche Diagnostics GmbH, Mannheim, Germany). 

2.3.4. Clinical investigations 

 
The CMDS system was tested in parallel with the IABS system in the same study as described in 2.2.5.2. As well 

as the reference catheter, a DLC was inserted into the Vena mediana cubiti of the left arm of the subjects for 
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continuous blood sampling. Reference blood samples (100μl) were taken from the reference catheter and 

continuously withdrawn blood samples (100μl) were collected at the outflow of the PFTMD. Both samples were 

centrifuged and plasma was collected. Microdialysate samples were collected for 15min so as to obtain sufficient 

sample volumes for glucose analysis. Dialysate samples thus represent time-integrated glucose concentrations. 

Blood samples of the reference and the CMDS system were taken in the middle of each dialysate sampling 

period. All samples were immediately analysed for glucose concentration using a Beckman glucose analyser. In 

addition, three blood samples were taken from the reference catheter for the determination of the activated partial 

thromboplastin time (APTT) after 0, 5 and 12h, in order to verify the absence of any significant patient 

heparinisation. 

2.3.5. Data analysis 

 
Technical performance evaluation was carried out using reference samples and time delay corrected and 

prospectively one-point calibrated dialysate samples. Reference and dialysate data were therefore cross-

correlated using a spline on a 1min-basis within in a ±20min time window to determine transport delay time, which 

was assumed to be most likely to occur at the maximum occurring coefficient of correlation. Calculated evaluation 

parameters include the R, MD, MAD, MRD, MARD, %PRESS and ISO-criteria. Clinical evaluation was performed 

by rating reference and delay time uncorrected dialysate data with the EGA and ITEGA. Data analysis was 

performed using Matlab (The Math- Works, Inc., Natick, MA, USA) and Microsoft Excel (Microsoft, Inc., Redmond, 

WA, USA). 

2.3.6. Reference Methods 

2.3.6.1. Beckman Glucose 2 analyser 

 

See 2.2.7.2 

2.3.6.2. Cobas Mira – Glucose analyser 

 
The “Cobas Mira” from Roche, Basel, Switzerland is a bench-top biochemical analyzer designed to measure a 

range of metabolites, including glucose, which is measured using an enzymatic reaction. Up to 22 glucose 

measurements (double determinations) per hour can be performed using a total of 10µl of serum, plasma or ECF 

with a within-run CV of <10%. The device is calibrated manually with internal standards (low and high) at the 

beginning and end of each run.   

2.4. STATISTICS 

2.4.1. Technical evaluation of data 
 

Accuracy assessment was performed using paired data in separate glucose ranges to calculate the Pearson’s 

coefficient of correlation (R) and also, according to the paper of Wentholt et al. [56], the mean difference (MD), 

mean absolute difference (MAD), the mean relative difference (MRD), also called the system error (SE), the 

absolute relative difference (ARD), the mean ARD (MARD), the Bland-Altman analysis [57] and the %Press [58], 

(Equation 3): 
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The ISO criterion [59] is met if the system’s glucose concentration is within ±15mg/dl (0.8mmol/l) or within 20% of 

the reference glucose concentration, for glucose concentrations <75mg/dl (4.2mmol/l) and ≥75mg/dl, respectively. 

2.4.2. Clinical evaluation of data 

 
Clinical evaluation was performed using the following methods:  

2.4.2.1. Clark Error Grid analysis (EGA) 

 
The EGA [60] is a clinically oriented approach for the validation of glucose data that describes the clinical 

significance of the degree of accuracy of a given glucose measurement system. The EGA takes into account the 

absolute values of the reference method (x-axis) and a newly introduced method (y-axis), the relative difference 

between these two values, and the clinical significance of this difference. The EGA categorizes individual 

reference glucose values into one of five zones, each of which represents a different degree of acceptability of a 

clinical treatment. These zones are A (accurate), B (acceptable), C, D, and E (unacceptable).  

2.4.2.2. Insulin Titration Error Grid Analysis (ITEGA) 

 
The [61] ITEGA is also a clinically oriented approach for the validation of glucose data that assesses the clinical 

significance of the accuracy of a given measurement system. Blood glucose concentrations determined by the 

reference method and by a new method are displayed respectively on the x- and y-axes, Glucose concentration 

ranges on the x- and y-axes are related to major treatment actions as suggested by the Leuven insulin titration 

guideline. Based on these treatment actions, different zones are defined as “appropriate treatment,” 

“unacceptable violation,” “major violation,” and “life threatening treatment,” according to the extent to which they 

violate the titration guideline. 
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3. RESULTS 
 

3.1. Evaluation of SOTA manual blood sampling 
 

A clinical study in 4 healthy humans revealed that a stepwise reduction of the withdrawn blood reservoir volume 

from 5ml to 0.5ml causes increased blood dilution for withdrawal volumes less than 1.5ml (Figure 11). This finding 

confirmed the use of a 5 ml syringe as reservoir for SOTA manual blood sampling as the associated system error 

caused by dilution is less than 0.16%.  

 
 

Figure 11: The size of the reservoir volume affects the degree of dilution of blood samples withdrawn by the 

SOTA manual blood sampling procedure. System errors are given as median ± standard deviations for each 

reservoir volume. 
 

A reduction of the time interval between withdrawn blood samples from 10min to 1min did not significantly 

influence the dilution of these samples (Figure 12). Contrary to our expectations, the sampling interval between 

two withdrawn blood samples can be at least 1min since no trend was found for the median system error  

(range: -0.59 - 1.73%; for the 4 and 2min intervals). 

 

 
 

Figure 12: Influence of the time interval on the dilution of the blood samples using SOTA manual blood sampling 

in 4 healthy human subjects. System errors are given as median for each time interval. 
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3.2. Evaluation of the IABS and IAGM system 

3.2.1. Evaluation of the SensLab biosensor 

 
Evaluation of the biosensor using diluted bovine serum spiked with glucose to final concentrations of 0, 5, 10, 15 

and 20mmol/l (Figure 13) revealed a sensor accuracy of 5.0%, a precision of 5.1% and a long term stability of 

−0.02mmol/l per hour.  

 

 

 
Figure 13: Sensor current for determination of long term stability, accuracy and precision, performed using diluted, 

glucose-spiked, bovine serum. 

 

The online biosensors were furthermore calibrated using 5, 10, 15 and 20mmol/l standard aqueous glucose 

solutions prepared by spiking ELO-MEL (ELO-MEL, Fresenius Kabi, Graz, Austria) with glucose (D-glucose, 

Merck, Darmstadt, Germany) before the start of each experiment. Each concentration was measured 10 times in 

replicate. A representative sensor calibration curve is depicted in Figure 14. The corresponding derived linear 

equation was y=1.64x+6.33, R=0.998.  

 

 
 

Figure 14: Sensor calibration curve. Sensor currents are given as means ± standard deviations for each glucose 

concentration. 
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3.2.2. 12h study in healthy subjects including OGTT 
 

All eight volunteers successfully completed the study according to the study plan. The catheters were well 

tolerated throughout the study with no sign of local infection. Figure 15 shows an illustrative example of the 

comparison of glucose concentration profiles obtained using the IABS system (top) and the IAGM system 

(bottom) with the respective profiles obtained using SOTA manual blood sampling.  

 

 
Figure 15: Illustrative 12h glucose profiles obtained with the IABS and the IAGM systema.  The subjects 

underwent a 75g OGTT to enable observation of their pre- and postprandial glucose concentration profiles. 

Top: Comparison of glucose concentration profiles obtained for subject 3 using the IABS system (circles) and 

SOTA manual blood sampling (squares). Bottom: Comparison of glucose concentration profiles obtained for 

subject 7 using the IAGM system (triangles) and SOTA manual blood sampling (squares). Also shown are the 

corresponding amperometric measurements obtained with the biosensor. The sensor current in nA is displayed 

as a solid line on the 2nd y-axis. The response time t90 (time taken to reach 90% steady state signal) measured by 

step gradient from 0 to 100mg/dl glucose is about 2min. After the 10h time point,  the biosensor showed leakage 

since it was initially designed to be operated with flow rates of around 1µl/min. 
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3.2.2.1. Technical evaluation 
 

Of a total of 240 measurements, only 12 were invalid due to catheter blockage, coagulation, insufficient sample 

volume, haemolysis or leakage (7 for the IABS system and 5 for the IAGM system), resulting in a total of 228 valid 

data pairs. For two subjects, the catheters were renewed due to permanent occlusion. The measured glucose 

concentrations ranged from 61-236mg/dl (3.4 to 13.1mmol/l). Technical evaluation revealed an overall median 

frequency of successful sampling of 96.67±5.33% per subject [range: 86.67–100.00%]. The system error graphs 

for all subjects are shown in Figure 16. Circles and triangles represent respectively the system errors calculated 

for each data pair for the reference vs. the IABS system and for the reference vs. the IAGM system. The means 

(squares) ± standard deviations (bars) are, in addition, displayed for each subject. The calculated overall system 

error between the IABS system and reference measurements was −1.7±9.0% (subjects 1–6, circles). For the 

IAGM system the calculated system error was −1.0±6.6% (subjects 7 and 8, triangles). Individual system errors 

ranged from -18.2 to 56.0%. The system error of the IAGM system was lower than that of the IABS system 

because the former system was calibrated using the first valid reference measurement, whereas the values 

obtained with the IABS system were not calibrated. A notable feature of the initial results obtained for subject 2 

was that the glucose concentrations in the manually drawn reference samples (=golden standard) were generally 

lower than those obtained with automatically sampled blood (Figure 16). This was found to be due to the location 

of the catheters for SOTA manual blood sampling and IABS system in the same forearm and thus in the same 

venous plexus. To begin with, samples were taken with the IABS system before blood was withdrawn by SOTA 

manual blood sampling. We reasoned that, because of this, the flushing fluid from the IABS system was 

afterwards withdrawn with the manual reference samples, leading to unwanted sample dilution. This was 

confirmed by the finding that, after synchronising the withdrawal and reinfusion procedure for both systems to 

avoid interaction between them, the system error improved for all remaining subjects (refer to Figure 16). 

 

 
 

Figure 16: System error graph for each individual data pair for subjects 1–6 (IABS system, circles); subjects 7 and 

8 (IAGM system, triangles). Squares and bars represent, respectively, the mean system error for each subject 

and the respective standard deviation.  

 
 

Table 1 presents the calculated system errors for clinical parameters, taking into consideration the analyte values 

obtained using the IABS system and the respective values obtained using SOTA manual blood sampling. The 

investigated analytes are metabolites (glucose, lactate), ions (Ca++, K+, Na+, Cl-), haematocrit (Hct), blood gases 

(pH, pCO2, pO2), haemoglobin (tHb, SO2) and CO-oximetry (O2Hb, COHb, HHb, MetHb). Values with a system 

error smaller than ±15% are marked in green [62], whereas values with a system error equal or larger than ±15% 

are marked in red.  
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Table 1: System errors for all subjects for all clinical parameters determined with the Roche Omni device: Glucose 

(Gluc), lactate (Lac), calcium (Ca++), potassium (K+), sodium(Na+), chloride (Cl-), haematocrit (Hct), pH value (pH), 

partial pressure of oxygen (pO2), partial pressure of carbon dioxide (pCO2), total haemoglobin (tHb), oxygen 

saturation of haemoglobin (SO2), Oxyhaemoglobin (O2Hb ), carboxyhaemoglobin (COHb), Deoxyhaemoglobin 

(HHb) and methaemoglobin (MetHb). Mean values for subjects 1 – 6 and for all subjects (ALL) are shown. 

 

System errors lower than ±15% were achieved for glucose (Gluc) and lactate (Lac), calcium (Ca++), potassium 

(K+), sodium (Na+) and chloride (Cl-) ions and haematocrit (Hct). Blood gas measurement is complicated by 

exchange with the surrounding air.  The pH value (pH) and the partial pressure of carbon dioxide (pCO2) were 

nevertheless within the ±15% range. The partial pressure of oxygen (pO2) was however 28.94%, most likely due 

to the fact that samples could not always be processed immediately due to calibration of the Roche Omni and 

thus underwent gaseous exchange with the surrounding air. Values of haemoglobin were within the range of 

±15% for total haemoglobin (tHb) and oxygen saturation of haemoglobin (SO2). For CO-oximetry, system errors 

smaller than ±15%, were achieved for oxyhaemoglobin (O2Hb), carboxyhaemoglobin (COHb) and 

methaemoglobin (MetHb). Only deoxyhaemoglobin (HHb) showed a system error outside this range (-31.58%).  

 

Table 2 summarises the technical data evaluation for all eight subjects. Mean coefficient of correlation (R) was 

found to be 0.982 (IABS) and 0.950 (IAGM). Mean difference (MD) was -1.8±10.3mg/dl (IABS) and 

 -1.9±8.0mg/dl (IAGM). Mean absolute difference (MAD) was 6.5±8.1mg/dl (IABS) and 5.7±5.9mg/dl (IAGM). 

Mean relative difference (MRD) was -1.7±9.0% (IABS) and -1.0±6.6% (IAGM). Mean absolute relative difference 

(MARD) was 5.8±7.1% (IABS) and 5.1±4.4% (IAGM). %PRESS parameter was calculated as 7.4±5.8% (IABS) 

and 9.1±5.7% (IAGM). ISO criterion (ISO MET?) was met in 94.8% (IABS) and 100% (IAGM). 
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Table 2: Uncalibrated blood samples withdrawn with the IABS system (subjects 1-6) and one-point calibrated 

blood samples measured online with the IAGM system (subjects 7-8) are evaluated against respective samples 

withdrawn by SOTA manual blood sampling with respect to their glucose concentrations. Evaluation parameters 

include the Pearson’s coefficient of correlation (R), mean difference (MD), mean absolute difference (MAD), mean 

relative difference (MRD), mean absolute relative difference (MARD), %PRESS and ISO-criteria (ISO MET?). 

Evaluation parameters are expressed as means ± standard deviation  

 

 

The actual blood consumption of the IABS and IAGM systems was 1.69±0.09ml per sample, of which 

0.303±0.043ml was collected in vials for offline analysis or ~0.2ml was processed over the biosensor. The mean 

volume of saline solution used to flush the disposable tubing system to avoid clotting after each automatic blood 

withdrawal was 8.83±0.28ml. APTT levels were monitored to assess the level of unintended patient 

heparinisation. No statistically significant increase was however found in any of the subjects (p>0.05). Blood was 

retained within the tubing system for a maximum of 93 sec to minimise the risk of clotting. All blood samples were 

haemolysis free, judged by optical quantification following centrifugation. The setting-up of the IABS system, 

including the assembly of tubing, flushing, and connection to the patient, was always performed in less than 5 

min, which, based on our experience in a routine hospital setting, is comparable to the time required to set-up and 

connect a standard infusion pump.  

 

3.2.2.2. Clinical evaluation 
 
 
The Clark Error Grid Analysis (EGA) is shown in Figure 17a. Of the 173 data pairs obtained using the IABS 

system (subjects 1–6; circles) and SOTA manual blood sampling, 166 (95.95%) were in zone A and only 7 

(4.05%) in zone B. Furthermore, of the 55 data pairs obtained for the IAGM system (subjects 7 and 8; triangles) 

all were located in zone A. Thus, overall a total of 96.93% of the measurements were in zone A (“accurate”) and 

only 3.07% in zone B (“acceptable”) and none were found in zones C, D and E. Linear least squares regression 

analysis shows a linear correlation of y=0.965x+2.004. 

 

The Insulin Titration Error Grid Analysis (ITEGA) shown in Figure 17b revealed that a total of 99.56% of the 228 

valid data pairs (again IABS data represented by circles and IAGM data by triangles) generated were located in 

the acceptable treatment zone. The single data pair that lay outside of this zone was an erroneous measurement 

for subject 2 caused by dilution effects, already discussed in more detail in the preceding text. 

 

These results are indicative of a high level of accuracy of the IABS system with respect to SOTA manual blood 

sampling. 

 40



Results 

 

Figure 17a: Clark Error Grid analysis for IABS (circles) 

and IAGM system (triangles); 12h study 

b: Insulin Titration Error Grid Analysis for IABS 

(circles) and IAGM system (triangles); 12h study 

 

3.2.3. 30h study in healthy subjects including the ingestion of 4 meals  

3.2.3.1. Technical evaluation 
 

All six volunteers were successfully studied for the full planned study duration of 30h and the catheters were well 

tolerated without any sign of infection. Manual interventions were necessary for both the reference method and 

the IABS system to prevent catheter occlusion (e.g., additional flushing, movement, or replacement). For the first 

subject studied, a total of seven such manual interventions were necessary for the IABS system. These events 

generally occurred whilst drawing hourly samples during the night. For subjects 2–6, a keep vein open (KVO) 

saline infusion (2ml/h) which was stopped 10min prior blood sampling was therefore implemented into the IABS 

system. This highly effective method reduced the incidence of blood withdrawal failures from 9.86% for subject 1 

(7 interventions for 71 samples) to an average failure rate of 0.56% for subjects 2–6 (2 interventions for 355 

samples), a 17.5-fold reduction in the frequency of interventions. As in the 12h study, sample blood was allowed 

to remain in contact within the tubing system for a maximum of 93 sec to minimise the risk of clotting. A small and 

negligible level of clotting nevertheless was documented within the tubing system, though only within the most 

critical stagnation zones of the 3-way stop cock of the catheter (Figure 18a), and comparable to that observed in 

catheters used for SOTA manual blood sampling. The disposable pressure dome (Figure 18b) was in contrast 

fully clot-free. 
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Figure 18a: Clot formation within the 3-way stop  

cock of the catheter 

b: Clot-free disposable pressure dome  

 
 

The median success rate of the system was 99.30% (range: 90.14–100.00%). Overall, 6 of 426 data pairs were 

incomplete or invalid, principally due to catheter blockage caused by coagulation, insufficient sample volume, or 

haemolytic samples, resulting in a total of 420 valid samples. The measured glucose concentrations for these 

samples ranged from 67.5 to 250mg/dl (3.75 to 13.88mmol/l). An illustrative glucose concentration profile 

comparing the results obtained with the IABS system (circles) to those obtained with the reference system 

(squares) is shown in Figure 19. 

 

 
 

Figure 19: Illustrative glucose concentration profile for automatically (IABS system, circles) and manually 

(squares) withdrawn reference blood samples obtained for subject 3 during the 30h experiment. Subjects 

received meals after 6 (dinner), 10 (snack), 21 (breakfast) and 25 hours (lunch) to enable observation of their pre- 

and postprandial glucose concentration profiles. 
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Figure 20 shows the system error for each data pair from subjects 1 to 6 (circles). In addition, the means 

(squares) ± standard deviations (bars) are displayed for each subject. The calculated system error between the 

IABS system and reference measurements was -3.3 ± 5.5% [range: -6.0–0.50]. Individual system errors ranged 

from 24.1 to -29.0%.   

 

 
 

Figure 20: System error graph for each individual data pair from subjects 1–6 of the IABS system (circles). 

Squares represent the mean system error for each subject and bars, the respective standard deviation. 
 

 

Figure 21 displays the individual system errors for each time point and subject. As a measure of system stability, 

the regression line was calculated (y =-0.1089x -1.5357). Starting with a system error of -1.54%, the system error 

increased until the end of the experiment to a final value of -4.80%.  

 

  
 

Figure 21: System error over time for subjects  1–6 plus the calculated regression line  

 

Table 3 displays summarises the technical data evaluation for all six subjects. Mean coefficient of correlation (R) 

was found to be 0.976. Mean difference (MD) was -4.1±6.5mg/dl. Mean absolute difference (MAD) was 

5.6±5.3mg/dl. Mean relative difference (MRD) was -3.3±5.5%. Mean absolute relative difference (MARD) was 

4.8±1.5%. %PRESS parameter was calculated as 6.1±2.0%. ISO criterion (ISO MET?) was met in 98.3% of all 

cases.  
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Table 3: Evaluation of uncalibrated blood samples withdrawn with the IABS system against corresponding 

samples withdrawn by the SOTA manual blood sampling procedure with respect to their glucose concentrations. 

Evaluation parameters include the Pearson’s coefficient of correlation (R), mean difference (MD), mean absolute 

difference (MAD), mean relative difference (MRD), mean absolute relative difference (MARD), %PRESS and ISO-

criteria (ISO MET?). Evaluation parameters are given as means ± standard  

 

3.2.3.2. Clinical evaluation 
 

The Clark Error Grid Analysis (EGA) is shown in Figure 22a. Of the 420 data pairs obtained using the IABS 

system (subjects 1–6; circles) and SOTA manual blood sampling, 414 (98.6%) were in zone A (“accurate”), only 6 

(1.4%) in zone B (“acceptable”) and none were found in zones C, D and E. Linear least squares regression 

analysis shows a linear correlation of y=0.949x+1.7779. 

 

The Insulin Titration Error Grid Analysis (ITEGA) shown in Figure 22b, revealed that, a total of 100% of the 420 

valid data pairs generated (again IABS data depicted as circles) were located in the acceptable treatment zone. 

No single data point suggested an unacceptable or major violation or a life threatening treatment.  

 

These results are indicative of a high level of accuracy of the IABS system with respect to SOTA manual blood 

sampling for the EGA as well as for the ITEGA. 

 

Figure 22a: Clark Error Grid analysis for IABS system 
(circles); 30h study 

b: Insulin Titration Error Grid Analysis for IABS system 

(circles); 30h study 
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3.3. Evaluation of the CMDS system 

3.3.1. Pre-clinical evaluation 
 

In vitro investigation of the planar, flow through microdialysis device (PFTMD) over 72h in bovine blood revealed 

that the mean relative glucose recovery level remained stable at a level of around 100% for 72h at perfusate flow 

rates between 2–5μl/min and a blood flow rate of 4ml/min. A relative recovery of 100.4±4.2% was achieved at a 

perfusate flow rate of 5μl/min. This flow is regarded as the optimal perfusion flow rate combining complete relative 

recovery at a perfusion rate yielding an acceptably low system transport delay time. Thus, in the following clinical 

investigation 5μl/min was chosen as perfusion flow rate.  

3.3.2. 12h study in healthy subjects including OGTT 

3.3.2.1. Technical evaluation 
 

All eight volunteers were successfully studied for the full planned duration of 12h. The DLC catheters were well 

tolerated throughout, with no sign of local infection and no trial-related adverse events occurred. 

Blood-heparin withdrawal was monitored in all subjects and was found to be 66.9±5.6μl/min. As heparin was used 

to anti-coagulate blood for continuous withdrawal within a DLC, for safety reasons the subject’s activated partial 

thromboplastin time (APTT) as a measure of systemic heparinisation was monitored. Of the three APTT 

measurements made per subject, none was significantly increased during the trial (p>0.05). 

The system’s mean delay time due to blood and dialysate transport was calculated as described above and found 

to be 10.5min. A total of 240 reference blood samples were taken (30 per subject) in a glucose range between 

53.0 and 213.7mg/dl (<80mg/dl: 31 samples, 80–120mg/dl: 139 samples, >120mg/dl: 69 samples). 227 

corresponding dialysate samples were successfully collected and analysed. In total, 13 dialysate samples (5.4%) 

were not taken due to system malfunction, mostly as a result of catheter occlusion. Figure 23 shows exemplary 

glucose concentration profiles derived from SOTA manual blood sampling (squares) and the microdialysis based 

CMDS system (circles). Microdialysis samples were prospectively one-point calibrated to the first reference blood 

glucose concentration and their glucose concentrations corrected by the calculated lag time. 

 45



Results 

 

 
Figure 23: Illustrative glucose concentration profile showing reference (squares) and prospectively one point 

calibrated, transport-time-delay-corrected glucose concentration of the CMDS system (squares) for continuous 

extravascular monitoring of blood glucose concentration. The subjects underwent a 75g OGTT to enable 

observation of their pre- and postprandial glucose concentration profiles. 

 

Table 4 summarises the technical data evaluation for all eight subjects. Mean coefficient of correlation (R) was 

found to be 0.960. Mean difference (MD) was 2.1±12.1mg/dl. Mean absolute difference (MAD) was 8.7±8.6mg/dl. 

Mean relative difference (MRD) was 1.9±11.2%. Mean absolute relative difference (MARD) was 8.4±7.7%. 

%PRESS parameter was calculated as 10.3±5.2%. ISO criterion (ISO MET?) was met in 91.6% of all cases.  

 

 

Table 4: Evaluation of prospectively, one-point calibrated, transport-time-delay-corrected microdialysate samples 

against reference blood samples with respect to their glucose concentrations. Evaluation parameters include the 

Pearson’s coefficient of correlation (R), mean difference (MD), mean absolute difference (MAD), mean relative 

difference (MRD), mean absolute relative difference (MARD), %PRESS and ISO-criteria (ISO 

MET?). Evaluation parameters are given as means ± standard deviation  

 

3.3.2.2. Clinical evaluation 
 

For this evaluation, the dialysate data were again prospectively one-point calibrated as described before but were 

not delay-time corrected, as they would also not be in a clinical setting.  

 

The Clark Error Grid Analysis (EGA) is shown in Figure 24a. Of the 227 data pairs obtained using the CMDS 

system (subjects 1–6; circles) and SOTA manual blood sampling, 85.9% (195) were in zone A (“accurate”), 13.7% 
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(31) in zone B (“acceptable”) and only one glucose sample (0.4%) was found to be in zone D “not acceptable”. 

Linear least squares regression analysis shows a linear correlation of y=0.983x+3.931. 

 

The Insulin Titration Error Grid Analysis (ITEGA) shown in Figure 24b revealed that a total of 99.1% (225) of all 

227 valid data pairs (again CMDS data depicted as circles) would have led to appropriate treatment, whereas 

0.9% (2) would have led to an unacceptable violation in insulin therapy.  No single data pair suggested a major 

violation or a life threatening treatment.  

 

These results of both EGA and ITEGA are thus indicative of a high level of accuracy of the CMDS system with 

respect to SOTA manual blood sampling. 

 

Figure 24a: Clark Error Grid analysis for CMDS system 

(circles); 12h study 

b: Insulin Titration Error Grid Analysis for CMDS 

system (circles); 12h study 
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4. DISCUSSION 

 
Glyceamic management has been shown be beneficial for critically ill patients that develop hyperglycaemia and 

insulin resistance. Frequent blood sampling for glucose monitoring can however conflict with other aspects of 

patient care.  

In order to contribute to improved management of stress diabetes, the main objectives of this thesis were to 

develop and evaluate two robust, reliable and simple bedside devices for glucose monitoring in ICU patients. We 

present here a controlled clinical evaluation of two prototypes: firstly, an intermittent automated blood glucose 

monitoring system (the “IAGM-system”) comprising an intermittent automated blood sampling system (“IABS 

system”) coupled to a glucose biosensor and secondly, a continuous blood microdialysis system (“CMDS 

system”).  Our goal was to examine the performance and clinical suitability of these novel systems.  

 

IABS/ IAGM system 

Clinical suitability of the intermittent system was evaluated in a total of fourteen volunteers. The performance of 

the IABS system was studied with six volunteers and the performance of the complete IAGM system with two 

volunteers over 12h. In addition, long term coagulation behaviour within the disposable tubing system of the IABS 

system was studied in a further six volunteers over 30h. 

A key feature of the IAGM system is that sampling from a peripheral vein is carried out using a single lumen 

catheter that is available in every hospital. Unlike the CMDS system, which uses a double lumen catheter (DLC), 

the IAGM system can therefore be used without the need for additional expenditure in this regard. In addition to 

this, medical personnel are well acquainted with such catheters whereas a DLC needs special handling. The 

performance of the IABS system’s catheter was improved 17.5-fold by implementing a Keep Vein Open (KVO) 

saline infusion at a rate of 2ml/h between successive blood withdrawals. Also, the volume of saline solution used 

to flush the disposable tubing system to avoid clotting after each automatic blood withdrawal was low at 

8.83±0.28ml. Despite this however, the peripheral venous catheter might still represent a weak link in the system 

during long-term use, due to coagulation. The use of a central venous or arterial catheter could avoid this issue 

and so improve the long-term stability of the system. In addition, it would also be feasible in intensive care 

patients with whom central catheters are commonly used. In the 30h study a small amount of clotting was 

observed within the tubing system, though only within the stagnation zones of the 3-way stop cock of the catheter. 

This was, however, negligible and comparable to that observed in catheters used for SOTA manual blood 

sampling. 

An excellent degree of correlation was observed between glucose concentrations obtained with manually drawn 

reference samples and those taken with the IABS system: Pearson’s correlation coefficient R=0.982 (range 

0.928–0.997), system error 1.7±9.0% for 12h study and R=0.976 (range: 0.953–0.996); system error -3.3±5.5% 

(range: -6.0–0.5) for the 30h study. Glucose values obtained fully automatically with the IAGM system also 

exhibited a very high degree of correlation with those obtained by conventional analysis and SOTA manual blood 

sampling R=0.950 (range 0.936–0.963), system error 1.0±6.6% (range: -1.1 to -0.9).  

The system errors for clinical parameters determined additionally with the Roche Omni revealed values < ±15% 

for glucose and lactate, Ca++, K+, Na+ and Cl- ions, Hct, pH, pCO2, tHb, SO2, O2Hb , COHb and MetHb. Only the 

values for pO2 and HHb were elevated. These results indicate that the IABS system can also be used to “feed” a 

standard blood gas analyser with whole blood and thus might enable bedside analysis of metabolites, ions, blood 

gases and CO-oximetry. As bedside analysers are classified as in vitro diagnostic devices, coupling to an IABS 

system is only allowed if a sterile barrier is guaranteed. IntelliDx [63] solved this problem by interconnecting an 

IABS system to the sensor via a sterile “blood transfer disk”. Moreover, on the basis of these correlation data the 
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IAGM system could in principle be used to drive an algorithm for insulin infusion and enable tight, fully automated 

glycaemic control. 

The amount of blood consumed by the IABS/ IAGM system was 1.69±0.09 ml per withdrawal procedure. On the 

basis of a subsequent survey performed at the Medical University of Graz, the maximum amount of blood that can 

be withdrawn from patients in the intensive care unit (ICU) is 50 ml per day. This would allow, on average, hourly 

glucose measurements of ICU patients to be made. More frequent glucose determinations would be enabled by 

reducing the diameters and lengths of the system’s disposable tubing system to reduce the amount of blood 

consumed per measurement.  

The clinically oriented Clark Error Grid analysis (EGA) is the most commonly used method to compare glucose 

values and evaluate the clinical significance of a particular system’s accuracy. The EGA revealed that 96.93% 

(221) of the data points obtained in the study were located in zone A (accurate treatment) and 3.07% (7) in zone 

B (acceptable treatment) for the 12h study and 98.6% (414) in zone A and 1.4% (6) in zone B for the 30h study 

The data were also analysed using Insulin Titration Error Grid analysis which confirmed the conclusion drawn 

from EGA: 99.56% (227) of the data pairs suggested an acceptable treatment whereas 0.44% (1) suggested an 

unacceptable violation for the 12h study and 100% (420) suggested an acceptable treatment for the 30h study. 

Taken together, our results demonstrate that the IAGM system would be suitable for use in a variety of clinical 

applications, in particular in ICUs to enable frequent blood sampling, necessary to maintain tight glycaemic control 

(TGC) in critically ill hyperglycaemic patients, with significantly less staff effort than is currently required. To 

underline this, the IAGM system could always be assembled in less than 5min, which is comparable to the time 

required to set-up a standard infusion pump. In addition, the system incorporates acoustic and optical alarms to 

alert staff when interventions are required. The time saved by the system is, therefore not offset by a demanding 

and extended set-up time and a high level of maintenance. The constant APTT levels that were observed 

throughout the study confirm that the use of the IAGM system did not cause unintended systemic heparinisation 

and thus support its use in ICUs. Finally, we believe that our system can be an alternative to systems which have 

already been introduced and subsequently removed from the market [64], investigational tools [65,66,67] where

clinical performance has to be shown in human studies, or tools for animal studies [

 

e. 

68,69] which are not certified 

for human us

 

CMDS system 

Clinical suitability of the continuous system was evaluated in a total of eight volunteers over 12h. A key feature of 

the CMDS system is that this novel microdialysis-based device for continuous extravascular monitoring of blood 

glucose, incorporates a planar flow-through microdialyser and a newly developed membrane. In contrast to the 

IABS system, it delivers a protein free matrix which might increase the sensor’s life time. In contrast to reported 

recovery degradation, the glucose recovery levels in our investigations remained stable using the newly designed 

membrane. This membrane is superior to those described in the literature with respect to recovery stability when 

exposed to heparinised blood. The CMDS system, in contrast to the IAGM system, uses a double lumen catheter 

(DLC) and thus creates additional expenditure and the need to teach medical staff the special handling required, 

particularly if the inner lumen is inserted or removed (e.g. in case of coagulation). 

An excellent degree of correlation was observed between glucose concentrations obtained with manually drawn 

reference samples and dialysate samples taken with the CMDS system: Pearson’s correlation coefficient R=0.960 

(range: 0.876–0.995), system error 1.9±11.2% (range: -6.9-16.3) for 12h study. Finally, the constant APTT levels 

that were observed throughout the study confirm that the use of the CMDS system did not cause unintended 

systemic heparinisation and support its use in ICUs. 

The current limitations of the system include the blood loss of 2ml/h, the time delay of 10.5min and the lack of an 

integrated online glucose sensor. However, it can be speculated that blood loss might be reduced by further 

downscaling system dimensions, by re-infusing the analysed blood or by integrating the analytics for other 
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relevant blood gases and metabolites. Due to the inherent time delay of the CMDS system, a therapy decision 

would be based on ‘old’ glucose data. Nevertheless, even with the existing time delay, the EGA revealed that 

85.9% (195) of the data points obtained in the 12h study were located in zone A (accurate treatment) and 13.7% 

(31) in zone B (acceptable treatment). The data were also analysed using ITEGA, which confirmed the conclusion 

drawn from EGA: 99.1% (225) of the data pairs suggested an appropriate treatment whereas 0.9% (2) suggested 

an unacceptable violation. It might be worth considering here that the performed clinical and technical evaluation 

is based on 15min time-integrated glucose concentrations of dialysate samples which were compared to spot 

measurements of reference blood glucose concentration. Dialysate samples thus represent a 15min glucose 

average, which, especially in periods with pronounced glucose changes (OGTT period), can result in relatively 

high discrepancies between glucose concentrations obtained from reference and dialysate samples. We therefore 

believe that the precision of the system could be further improved, e.g. by using online glucose sensors together 

with an online recovery monitor [70], and that  the system would then be suitable to enable continuous glucose 

monitoring to maintain TGC in critically ill hyperglycaemic patients with less staff effort than is currently required.  
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Conclusion and Outlook 

5. CONCLUSION AND OUTLOOK 

 

In conclusion, the studies herein described demonstrate the feasibility of intermittent, automated real time ex vivo 

glucose determinations with the IAGM system. Following appropriate calibration, the amperometric biosensor 

used to quantify glucose in blood, delivered glucose values closely matching those determined by standard 

analysis methods. Also, the analysis of clinical parameters determined additionally with the Roche Omni revealed 

a good correlation between automatically and manually drawn samples. The amount of blood consumed by the 

system per sampling currently imposes a lower limit of, on average, hourly measurements in ICU patients. It might 

be speculated that the reduction in the dimension of the disposable tubing system and optimisation of the sample 

transport will decrease the amount of blood per withdrawal and so allow more frequent measurements. 

Additionally, within these studies it could be demonstrated that the CDMS system facilitates continuous extraction 

of whole blood via a DLC to deliver protein-free dialysate samples using a newly developed dialysis cell and 

membrane for the purpose of continuous glucose monitoring. The membrane showed superior long-term stability 

against clotting, which was confirmed by a stable recovery rate. The next step towards an automated continuous 

glucose monitoring system is to integrate online glucose sensors into the devices presented here and to 

investigate aspects of long-term stability in future in-vivo studies.  

We view peripheral catheters as the weakest link in both the IAGM and CMDS systems, even if other 

manufacturers follow this approach. Our future work will examine the performance of both systems together with a 

central venous or arterial catheter, as these are commonly used in ICU patients. Additional biosensors should be 

integrated in both systems to enable primary continuous glucose monitoring to maintain TGC in critically ill 

hyperglycaemic patients and, secondarily, also blood gases and electrolytes. Such a system would have the 

potential to support clinical decisions and to change, at a fundamental level, the ability of clinicians to improve 

patient care. Finally, to close the loop for complete glyceamic management, both systems should be tested 

together with algorithms and insulin infusion pumps under controlled conditions during human studies. 
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