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Introduction 

The individualization of dialysis treatment is receiv-

ing more and more attention in research, because it 

can be beneficial particularly for critical ill patients in 

intensive care units (ICU) with acute kidney injury 

(AKI) [1–6]. 

AKI is understood as the rapid loss of the kidney’s 

function. It is typically diagnosed by the accumula-

tion of end products of the nitrogen metabolism such 

as urea nitrogen and creatinine in combination with 

reduced urine output [7]. AKI is often developed by 

critically ill patients with e.g. multi-organ failure or 

sepsis in ICU [8–10]. Such patients show a mortality 

rate of more than 50 % [11]. The treatment of critical 

ill patients with AKI is usually the continuous renal 

replacement therapy (CRRT) [11–14]. The major dif-

ference between CRRT and the regular intermitted 

dialysis, applied to chronic kidney diseases, is the 

duration of treatment as well as the rate at which 

water and wastes are removed from the extracorpo-

real circuit via diffusion across the semipermeable 

membrane of the dialyzer [12]. While intermitted di-

alysis aims at a maximum clearance of waste prod-

ucts and normalization of electrolytes at a treatment 

duration of 3-4 hours, CRRT focuses on a signifi-

cantly slower normalization of blood parameters 

over a treatment duration of several days, resulting 

in a benefit for critical ill patients, as a rapid change 

of osmotic substances can lead to different compli-

cations [6,12,15]. 

For example, a rapid change in sodium plasma 

concentration, and thus an abrupt shift in plasma 

osmolarity, can cause cardiovascular instability, 

overhydrating of cells and disequilibrium syndrome 

with muscle cramps, fatigue symptoms and head-

aches. However, an insufficient sodium removal and 

hence sodium accumulation can lead to increased 

thirst, hypertension and pulmonary edema [1,2,5,6]. 

Furthermore, a frequent complication of AKI is hy-

perkalemia with a particular potential for complica-

tions, since it can trigger heart arrhythmia. Similarly, 

hypokalemia can also cause arrhythmia. However, 

not only the absolute concentration is important for 

potassium. In [1,16] it is shown, that an abrupt 

change in potassium concentration can trigger ar-

rhythmias as well, because it induces a critical ratio 

between intracellular and extracellular potassium. 

Therefore, [17] recommends a maximum concentra-

tion gradient of 1.5 mmol/l between the dialysate 

and the blood with an exponential profile of the dia-

lysate concentration to limit the diffusion and thus to 

limit the change of potassium concentration in the 

blood.  

In order to adjust this required concentration gradi-

ent and to achieve the desired plasma concentration 

profile for potassium and sodium it is necessary to 

monitor the plasma concentration continuously.  

In addition, ionized (free) calcium is another inter-

esting parameter in extracorporeal circuits, since it is 

essential for blood coagulation. Especially in CRRT, 

anticoagulation is necessary to avoid clotting inside 

the dialyzer over the long period of treatment. As the 

critical ill patient may also be at increased risk of 

bleeding, a global anticoagulation using e.g. heparin, 

currently the most commonly used extracorporeal 

anticoagulant, has to be avoided. In contrast to hep-

arin, citrate can be used as a regional anticoagulant. 

Therefore, citrate is added to the blood inside the 

extracorporeal circuit before the dialyzer, binding the 

ionized calcium as a complex and thus making the 

blood coagulation impossible. After the dialyzer, ad-

ditional ionized calcium is added to the extracorpo-

real circuit to reactivate coagulation [18]. In order to 

control the exact amount of citrate being added, it is 

therefore necessary to continuously measure the 

ionized calcium concentration. 

Furthermore, an important marker representing the 

efficiency of a dialysis treatment is the urea reduc-

tion ratio (URR) according to Eq. (1), as urea repre-

sents all waste products [19]. 
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Here, U
pre
 is the pre-dialysis urea concentration in 

blood and U
post

 is the blood urea concentration after 
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the dialysis treatment. URRs less than 60 % are as-

sociated with a higher mortality in patients during di-

alysis [20]. However, using Eq. (1) the efficiency can 

only be determined after treatment.  

Thus, it is also beneficial to continuously monitor 

the blood urea concentration in order to evaluate the 

efficiency of dialysis treatment in-line and in real 

time. 

The current practice determining blood parameters 

is to analyze blood samples in the laboratory or us-

ing a blood gas analyzer. This way, monitoring re-

quires a considerable amount of personnel effort 

and costs. Moreover, the results are only available 

for a few discrete times with a time delay, making 

even quasi-continuously monitoring impossible.  

Therefore, we presented in [21] a concept for con-

tinuous in-line monitoring of electrolyte concentration 

in extracorporeal circuits enabling an individualized 

dialysis treatment. Here, we used ion-selective elec-

trodes (ISEs). Since it is difficult to achieve hemo-

compatibility with these sensors and direct in-line 

measurements in the blood are challenging, we 

have developed a concept in which the ISEs are 

separated from direct blood contact. As shown in 

Fig. 1 the ISEs are placed in a liquid-filled sensor 

compartment. This compartment is separated from 

the blood in the extracorporeal circuit by a dialysis 

membrane. 

 

 

Fig. 1: Schematic depiction of the in-line measuring 

chamber. 

The membrane allows all substances of interest, 

such as electrolytes and urea, to exchange between 

the sensor compartment and the blood. Proteins, for 

example, which can adsorb on the sensors surface 

and thus cause a sensor drift [3] or, in the worst 

case, blood coagulation, are retained by the mem-

brane. Since substance transport between the blood 

and sensor compartment is based on diffusion, a 

certain time is required for a concentration equilibri-

um. A detailed investigation of the time-dependent 

behavior and the resulting errors of this measure-

ment concept are shown in [22]. Fig. 2 shows a pho-

to of the used measuring chamber consisting of two 

parts made of PEEK. The upper part contains the 

ISEs and has two Luer connectors for filling in the 

calibration solutions. The lower part also has two 

Luer connectors, enabling a simple integration into 

the extracorporeal circuit. The semipermeable dialy-

sis membrane is located between the two parts. The 

measuring chamber was developed and manufac-

tured, particularly to achieve a hemocompatible 

blood flow, in cooperation with InnoMe GmbH, 

32339 Espelkamp, Germany and Barkey GmbH & 

Co. KG, 33818 Leopoldshöhe, Germany. 

 

Fig. 2: Photo of the measuring chamber. 

In this work, we present first measurements with 

this concept in an extracorporeal circuit using human 

packaged red blood cells (PRBC) as test medium to 

simulate realistic conditions. 

Setup of the Preclinical Investigation 

In order to simulate an extracorporeal circuit under 

realistic condition, we built up a test bench in coop-

eration with the University Medical Center Göttingen. 

Here, we used the multiFiltrate dialysis system and 

an AV 600S Ultraflux dialyzer from Fresenius Medi-

cal Care as depicted in Fig. 3.  

 

 
Fig 3: Schematic of the test bench using human 

packed red blood cells as test medium. 

The PRBC are pumped from the blood bag through 

a tree-port valve, an air trap and the dialyzer by the 

dialysis system using peristaltic pumps with a flow 

rate of about 100 ml/min, representing a typical flow 

rate in CRRT. The in-line measurement system is 

integrated into this simulated extracorporeal circuit. 

The three-port valve enables to draw blood samples, 

which are taken approximately every 10 min to be 

analyzed in a blood gas analyzer GEM Premier 
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4000 from Instrumentation Laboratory as well as an-

alyzed in the laboratory every 20 min. On the other 

side of the filter membrane of the dialyzer, fresh dia-

lysate is pumped into the dialyzer and the spent dia-

lysate is pumped into a waste bag.  

The electrolyte and urea concentrations in the fresh 

dialysate were varied for test purposes over the en-

tire duration of the experiment. Diffusion between 

the dialysate and the blood caused a continuous 

change in the blood concentration, resulting in a 

maximum change of 50 mmol/l (113 mmol/l to 

163 mmol/l) for sodium, 8.8 mmol/l (1.9 mmol/l to 

10.7 mmol/l) for potassium, 1.695 mmol/l 

(0.095 mmol/l to 1.79 mmol/l) for calcium and 

178.2 mg/dl (1.8 mg/dl to 180 mg/dl) for blood urea 

nitrogen (BUN), covering the clinical relevant con-

centration range. 

Concept of the Urea Sensor 

To measure urea, we use a biosensor consisting of 

an ammonium ISE and the enzyme urease. Using 

urease, urea is catalyzed into ammonium and car-

bonate ions according to Eq. (2) [23], while the am-

monium ions are measured with an ammonium ISE.  
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There are many approaches to immobilize the en-

zyme near the electrodes, e.g. cross-linking of the 

enzyme [24]. However, such approaches often use 

toxic chemicals making an in-line measurement diffi-

cult. Moreover, the activity of the enzyme is often 

reduced. Therefore, we use a simple approach for 

immobilization, consisting of a dialysis membrane 

(RCT NatureFlex-NP from Reichelt Chemietechnik) 

with a molecular weight cutoff of 10 kDa – 20 kDa 

retaining the enzyme solution inside a small enzyme 

compartment created by a 0.5 mm spacer, which is 

bonded to the ISE, as depicted in Fig. 4. The bond-

ing of the 0.5 mm spacer to the ISE was realized in 

cooperation with InnoMe GmbH, 32339 Espelkamp, 

Germany. 

 

 
Fig 4: Schematic cross-section of the urease sensor 

consisting of an ammonium ISE as well as a 

0.5 mm spacer and a dialysis membrane form-

ing the enzyme compartment. 

Since urea has a molecular weight of about 60 Da 

it can diffuse inside the enzyme compartment. Ure-

ase, however, cannot pass the membrane and is re-

tained inside this compartment, as its molecular 

weight is 480 kDa. Thus, the ammonium ions are 

generated near the sensitive layer of the ammonium 

ISE. The urea sensor was integrated into the sensor 

compartment of the measuring chamber.  

Results of the Electrolyte Monitoring 

During the investigation, we changed the blood 

concentration of all parameters (sodium, potassium, 

calcium and urea) simultaneously, as described 

above, via the dialysate concentration in the clinical-

ly relevant range. As a result, it is possible to inves-

tigate the cross-sensitivity of the ISEs to other ions. 

The ISEs were previously calibrated by filling the 

sensor compartment with two different calibration 

solutions, neglecting the cross-sensitivities. Both 

have different concentrations of the different electro-

lytes but the same ionic strength of 160 mmol/l, 

which is comparable to blood ionic strength enabling 

a so-called concentration calibration in which the 

output voltage of the respective electrodes vs. a Ag-

AgCl reference electrode in a certain concentration 

range is approximately proportional to the concen-

tration and not only to the activity of the ions [25]. 

Fig. 5 shows the results for sodium over a period of 

8 hours. The circles are the discrete blood samples 

analyzed by the blood gas analyzer used as refer-

ence. The solid curve is the output signal of the cali-

brated electrode. It can be seen that there is a de-

viation between the sensor and the reference at the 

beginning of the measurement. This is due to the 

calibration solution still in the sensor compartment 

when integrating the system into the extracorporeal 

circuit and having different initial electrolyte concen-

trations compared to blood. Thus, a certain time is 

required until the concentration equilibration be-

tween the blood and the sensor compartment is 

reached.  

 
Fig. 5: Continuous measured sodium concentration 

(solid line) compared to the blood gas analyzer 

as reference (circles). 
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After this initial mismatch, the measured sensor 

signal and reference signal correlate very well. Just 

at about 3.5 hours and 6.5 hours, there are small 

deviations. This is due to the dynamic behavior of 

the measurement concept as shown in [22]. Howev-

er, the blood concentration was changed that fast for 

test purpose, way off physiological rates. 

For potassium, depicted in Fig. 6, there is also an 

initial discrepancy of the sensor signal due to the ini-

tial filling of the sensor compartment with the calibra-

tion solution. Again, the sensor signal and the refer-

ence signal agree perfectly for most of the time after 

the initial mismatch. 

 
Fig 6: Continuous measured potassium concentration 

(solid line) compared to the blood gas analyzer 

as reference (circles). 

As shown in Fig. 7, no initial deviation can be ob-

served with calcium, since the blood concentration 

and concentration of the calibration solution coinci-

dentally matched. With the exception of hours 6 and 

7, where a small deviation of about 0.25 mmol/l can 

be seen, the reference and the measurement signal 

agree. This also applies for the very low concentra-

tion after 7.5 hours, which is particularly interesting 

for citrate anticoagulation.  

 
Fig 7: Continuous measured calcium concentration 

(solid line) compared to the blood gas analyzer 

as reference (circles).  

The results show that the respective electrolytes 

can be measured in good agreement with the refer-

ence system. No relevant sensor drift or cross-

sensitivity could be observed during the investiga-

tion.  

Results of the Urea Monitoring 

The urea sensor was not calibrated in advance, but 

in the aftermath using two different laboratory val-

ues, which were taken about every 20 min and are 

the reference values for the urea sensor. 

 
Fig 8: Continuous measured urea concentration (solid 

line) compared to the laboratory analysis (cir-

cles). 

The results of the laboratory analysis for blood urea 

nitrogen (BUN) are depicted in Fig. 8 as circles. The 

measured curve of the urea sensor is shown as solid 

line. It can be seen that there is a time delay of 

about half an hour between the reference value and 

the measured value, due to the additional mem-

brane and diffusion distance to reach the enzyme 

compartment of the urea sensor. In addition, a drift 

of the sensor signal can be observed. One possible 

reason could be a loss of the enzyme urease from 

the enzyme compartment due to a damaged mem-

brane. Therefore, in this first test, the sensor pro-

vides only a trend of BUN until about 5 hours after 

starting the measurement. Further investigations are 

required to exclude any possible errors in the immo-

bilization process.  

Conclusion 

In this work, we have investigated the developed 

measurement system for continuous in-line meas-

urement of electrolyte and urea concentrations un-

der realistic conditions in a preclinical study using 

human packaged red blood cells as test medium in 

an extracorporeal circuit. 

It is shown that the measured sodium, potassium 

and calcium concentrations match very well with the 

blood gas analyzer values used as a reference sys-

tem. No relevant sensor drift or cross-sensitivity to 

other ions could be observed over a test duration of 

up to 8 hours. 
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The urea sensor, consisting of an ammonium ISE 

and the enzyme urease, immobilized hemocompati-

bly using a dialysis membrane in front of the elec-

trode, showed a drift of the sensor signal. Possibly 

caused by a defect in the enzyme compartment 

membrane. 

In conclusion, the presented in-line measuring sys-

tem could be a considerable advance compared to 

the current Gold Standard, where only a few discrete 

measurements per dialysis treatment are obtained 

and the measured values are available with a time 

delay due to laboratory analysis. Personnel effort is 

also significantly reduced. The continuous meas-

urement of blood parameters is an important step 

towards individualized dialysis, leading to a signifi-

cant improvement for the treatment of the patients. 
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