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Abstract- Flow distributions are significant parameters in the function of clinical artificial kidney dialyzers. It is important 
in order to observe the flow distribution pattern when evaluating its function and configuring the most appropriate design of 
the dialyzer. Therefore, the experimental knowledge plays a significant part in generating an approach which can optimize 
these modules.  In this study, blood side flow distribution was qualitatively observed in a commercial clinical dialyzer using 
Magnetic Resonance Imaging (MRI) technique through an in-vitro experiment. The contrast enhanced T1 weighted images 
were acquired along the dialyzer length using Fast Spin Echo pulse sequence. Although uniform flow distribution pattern 
over the spatial volume of transverse images, close to dialyzer inlet was observed, heterogeneity of flow distribution could 
be identified close to the blood outlet port. These results of the study suggested that although no advanced techniques 
available, MRI could be used to characterize the flow distribution within a dialyzer qualitatively.  
 
Index Terms- Artificial Kidney, Fluid Flow, Magnetic Resonance Imaging.   
 
I. INTRODUCTION 
 
Artificial kidney dialyzers are used extensively in 
blood purification of chronic kidney failure patients. 
There are several dialyzer configurations, but the 
hollow fiber model is the most effective for blood 
filtration due to high surface area per unit blood 
volume with low resistance capabilities. The 
efficiency of these dialyzers is significantly 
depending on its geometrical and physio-chemical 
characteristics [1].  
  There are different sizes of clinical dialyzers with 
the range 2-5cm in diameter and 15-30 cm in length. 
A typical dialyzer be encapsulated in a rigid, acrylic 
cylindrical shell, which assembles a bundle of 10000-
12000 extremely fine semi-permeable hollow fibers, 
depending on the size of the dialyzer. Approximately, 
these fibers have a wall thickness of 15-50 µm and an 
inner diameter of 200-210 µm [1]-[2]. There is a tube 
sheet form at the ends of potted fibers which separate 
the dialyzer into two major compartments. The lumen 
or the interior part of a hollow fiber. Approximately, 
is composed of the blood compartment while the shell 
or the exterior of the lumen is composed of the 
dialysate compartment. The  
 
blood flow path is extending through the intra-hollow 
fiber space, from one end to the other end of the 
dialyzer. The inlet and outlet ports of the blood flow 
path are located at the opposite ends while the inlet 
and outlet ports of the dialysate path are located on 
the cylindrical surface at opposite ends of the 
dialyzer[1]-[2].  
In addition to geometrical designs of clinical 
dialyzers, flow distribution and the flow rate of blood 

and dialysate compartments play an important 
determinant of its performance in mass transfer 
efficiency. When the dialyzer in operation, diffusion 
process governs the elimination of small molecular 
weight uremic solutes and excess plasma water is 
removed from the process of convective transport [1], 
[3]. These two processes are supported by the hollow 
fiber membranes with the counter-current flow where 
the dialysate solution is flowing in the opposite 
direction to the blood flow path over the external 
surface of the hollow fibers. In the clinical setting, 
typical blood flow rates and dialysis flow rates 
maintain between 200-400 mL/min and 500-800 
mL/min, respectively [1].  
Ideally, blood has to flow uniformly inside the hollow 
fibers and a dialysate solution has to flow uniformly 
over the external surfaces of hollow fibers counter-
currently. But as a result of hydraulic properties or 
defects in fiber packing densities, flow distribution 
may be not exactly homogeneous. Under these 
circumstances, blood may be flowing at a slower 
speed where dialysate flow is maximized [4]. Such 
flow effects would significantly reduce the diffusion 
process. The uniform flow distribution in both 
compartments also ensures that all hollow fibers are 
fully utilized during the blood filtration without 
channelling effect. Because of that, a better 
understanding of these two factors with other 
physical geometries of a dialyzer would result in 
improved optimized function. However, a major 
limitation in advancing knowledge of the behavior of 
clinical dialyzer is the complex flow path in both 
directions and the presence of about 10000 hollow 
fibers consisted of small inner diameters[1], [4].    
There were several previous efforts using different 
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approaches to visualize the flow distribution within 
the dialyzers. A number of numerical modeling 
techniques were conducted to investigate the flow 
distributions during the dialysis session [5] and there 
have been less experimental studies. Experimental 
scintigraphy technique with radioactive Technetium 
[6] and helical scanner with tracer analysis [7] were 
successfully applied to observe the changes in the 
concentration within a dialyzer. Using a more 
complex, but related approach, Ronco et al [8] 
visualized the flow in the blood compartment using 
helical computed tomography and concluded no local 
uniformity. More reliable determinations of the flow 
distribution within the dialyzers have recently been 
attempted using Magnetic Resonance Imaging (MRI) 
techniques. Flow distributions were evaluated using a 
Time-Of-Flight technique (TOF) [9] and two-
Dimensional Phase Contrast (2DPC) velocity 
encoding technique [10]. The more advanced method 
of MR Hybrid Multiple overlapping thin slab three-
dimensional acquisition technique was also 
successfully applied to assess the bidirectional flow 
distribution [11]. Poh et al [10]-[12] established a 
method by using 2DPC and two dimensional Fourier 
Transform (2DFT) techniques to investigate the flow 
distribution along the length of dialyzers and reported 
uniform blood side flow distribution. More recently, 
low-field bench-top MRI [13], dynamic contrast 
enhanced MRI [14] and Arterial Spin Labeling MRI 
flow quantification techniques were also satisfactorily 
applied for characterization of the flow within the 
dialyzers [15]. 
  The rapid expansion of using medical devices in the 
clinical health setting coupled with high efficiency 
has created a demand for evaluation of the functional 
efficacy of these modules. Therefore, the purpose of 
this study was to qualitatively observe the flow 
pattern in the blood compartment of clinical dialyzer 
using a more feasible approach Magnetic Resonance 
Imaging.  
 
II. METHODOLOGY 
 
 In vitro experiments were performed on a 
commercial hollow fiber hemodialyzer. The blood 
and dialysate sides were considered as two 
independent domains throughout the experiment. 
 
A. Artificial Kidney Dialyzer 
  In the study, a commercial clinical artificial kidney 
with polyester-polymer alloy membrane was used to 
observe the blood side flow distribution qualitatively. 
Characteristics of this dialyzer relevant to this study 
are shown in Table. I. The two compartments of the 
dialyzer were initially filled with distilled water and 
dialysate ports were hermetically sealed throughout 
the experiment. This served to avoid the presence of 
air bubbles and prevent net fluid movement across the 
membrane. 
Before the start of each experiment, the dialyzer was 

properly primed for approximately 2 hours to 
dislodge any entrapped impurities and air bubbles.  
 
A. Administration of Contrast Agent  
  Gd-DTPA (Gadolinium-diethylene-triaminepenta-
acetic  

 
Table.  I  Physical characteristics of dialyzers 

(Given by the manufacturer) 
 
acid) was used as a contrast agent in this study and a 
molecular weight of 743 g/mol Gd-DTPA solution 
(Magnevist, Schering, Germany) was diluted with 
distilled water to prepare a concentration of 0.5 
mmol/L aqueous solution. This concentration was 
decided after reviewing the previous studies [16] and 
the volume of injection was decided according to the 
blood side capacity of the dialyzer. A bolus volume 
of 50 ml Gd-DTPA was administered to the flow 
system manually using a syringe via a T- junction 
valve placed near the inlet port of the dialyzer in the 
horizontal position. The contrast administration was 
maintained at 200 ml/min (50 ml/15s) input flow rate, 
which is the rate utilized in actual dialysis operations. 
 
B. Magnetic Resonance Imaging 
After the contrast administration, images were 
obtained using the MRI technique to observe the 
distribution of Gd-DTPA solution along the axial 
length of the dialyzer. 0.3 Tesla Hitachi AIRIS Vento 
(Hitachi Medical Corporation, Tokyo, Japan) the 
whole body open clinical MR scanner along with a 
birdcage head coil was used for the imaging. The 
dialyzer was mounted horizontally within the head 
coil with its longitudinal axis aligned with the z-
gradient direction of the scanner.  
Two-dimensional (2D) FSE (Fast Spin Echo) pulse 
sequence was employed to acquire the T1 weighted 
images with the repetition time (TR) of 1415 ms and 
echo time (TE) of 30 ms. The flip angle was set to 90 
degrees and the acquisition matrix size was set at at 
256x 128. The field of view (FOV) was selected as 
220 mm2 and the Turbo Factor was maintained at 3. 
The number of averages was 1. Because of sensitivity 
limitations of the head coil, this selected area only 
covered about 3/4 of the dialyzer length. The imaging 
protocol consisted of one localizer image followed by 
non-contrast and contrast enhanced images. The 
middle longitudinal image was acquired before and 
after contrast injection and four contrast enhanced 
transverse images were acquired at four different 
positions of the dialyzers from the inlet to the outlet. 
The distance of each transverse slice was set to be 20 
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mm with a slice thickness of 5 mm. The total scan 
time for each imaging sequence was 1 minute and 32 
seconds.  
The first imaging sequence was performed without 
contrast injection and the second imaging sequence 
was performed with the injection of 50 ml contrast 
solution into one dialyzer. After the injection, MRI 
scanning has taken place immediately and flow 
circulation was terminated during the total scan 
period.  
The temperature of the liquids in the dialyzer was 
maintained at 25oC room temperature and the 
experiment was repeated once to confirm the 
reproducibility. 
 
C. Image Analysis 
The obtained mid-length longitudinal images and 
transverse images were used for qualitative visual 
analysis. Furthermore, ImageJ (National Institutes of 
Health, USA) software was utilized for image 
processing and an additional image analysis was 
performed utilizing Graph R software (version 1.67) 
which allowed for the generation of three-
dimensional (3D) signal intensity plots with tracking 
of slow nano-meter scale movements inside the 
dialyzer.  
 
III. RESULTS 
 
D. Signal intensity distributions along the axial 
direction in the blood compartment of non-contrast 
dialyzers 
Fig. 1 demonstrates the MR images and signal 
intensity profiles taken along the mid-length of the 
dialyzer before contrast injection. Two non-contrast, 
clinical dialyzers that served as the controls produced 
iso-intense signal intensity profiles close to the inlet 
without considering the field inhomogeneity (Fig. 1 
No. 2 dialyzer shows the slight field inhomogeneity 
close to the inlet port).  
E. Signal intensity distributions along the axial 
direction in the blood compartment of contrast 
enhanced dialyzers 

 
Fig. 1 (a) MRI images and (b) Signal intensity profiles of the non-

contrast dialyzers 
 
Fig. 2 demonstrates the MR images and signal 
intensity profiles taken along the mid-length of the 

 
Fig. 2 (a) MRI images after 50 ml contrast administration into 
one dialyzer. (b) Signal intensity profiles of the dialyzers. (1) 

Demonstrates the non-contrast dialyzer and (2) Demonstrates 
the contrast enhanced dialyzer. 

 
dialyzer after contrast injection. High signal intensity 
values can be visualized close to the inlet port where 
the injection starts, and then the signal intensity was 
decreased gradually along the axial direction towards 
the outlet port in the contrast-enhanced dialyzer. Iso-
intense signal intensity profile can be observed in the 
non-contrast clinical dialyzer. 
F. Spatial flow distribution of the contrast solution 
Fig. 3 depicts threshold MRI images of the mid-
length central vertical 

 
Fig. 3 Threshold MR image which demonstrates the structural pattern 

of Gd-DTPA signal intensity distribution in the mid-longitudinal section. 
The injected Gd-DTPA solution and the already present water are 

represented by black and white regions, respectively. Images of (a), (b), 
(c) and (d) indicate the radial direction contrast distribution 

corresponding to the different position of the central vertical section. 
 

section and transverse sections of the same dialyzer 
after commencing the injection of 50 ml Gd-DTPA 
solution. Considering the position of the inlet port at 
the right end of the dialyzer, the motion of the 
injected Gd-DTPA solution towards outlet port can 
be shown in this figure. The already present Gd-
DTPA and water are represented by black and white 
regions, respectively.  
 Fig. 3 (a), (b), (c) and (d) sequential threshold MRI 
images are displayed in order from the blood outlet to 
the inlet. This provides the comparison in the spatial 
distribution of injected Gd-DTPA solution over each 
cross section of the dialyzer at various positions. 
 
IV. DISCUSSION 
 
Although there were several attempts to visualize the 
flow distribution in a clinical artificial kidney 
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dialyzer, up to date there has been no exact 
comprehensive validated methodology. Therefore, a 
preliminary feasible experiment was described here, 
which can be applied to evaluate the flow distribution 
in the blood compartment of a clinical dialyzer. 
In this study, the basic concept is to use the contrast 
agent response in blood compartmental fluid to 
visualize the flow distribution within the dialyzer 
through the MRI technique.  Therefore, the flow 
distribution can be visualized here by means of signal 
intensity profiles. This method can be applied not 
only during the initial stage of designing but also 
during subsequent clinical use to confirm the 
structure configuration with an efficiency of flow. 
Under the ideal flow condition, blood should 
uniformly distribute over the transverse spatial 
volume of the dialyzer. In the present study, the 
observation of flow distribution is capable with both 
longitudinal and transverse sections. 
The imaging sequence which was obtained before 
contrast administration was helpful to compare the 
signal intensity distribution between non-contrast and 
contrast-enhanced dialyzers.  
The used FSE scan protocol is not sensitive to the 
flow imaging, hence the flow was terminated during 
the scan time to avoid the motion blur artifact. During 
this experiment, the Gd-DTPA was used as the 
contrast agent to modify the longitudinal relaxation 
time of the water to enhance the visibility on MR 
images. At the same time, Gd-DTPA contrast 
solution was also used as a tracer molecule to the 
observation of molecular transport in water using 
MRI in previous studies [17]. Because of this Gd-
DTPA has the capability to delineate the actual flow 
distribution. Furthermore, due to the reproducible 
purpose, this experiment was performed using 
distilled water as the compartmental fluid and the 
effects of human blood cells and proteins on the 
properties of fluid transport in these dialyzers were 
neglected. Because of that further verification is 
required with blood to identify the effect of hydraulic 
properties towards the flow distribution. 
The observed structural patterns by resultant Gd-
DTPA signal intensity profiles in Fig. 3. was 
demonstrated that the injected Gd-DTPA solution had 
homogeneous flow distribution over the entire spatial 
volume of the dialyzer close to the inlet port. But 
when considering close to the outlet port, the visible 
heterogeneity was presented in the structural pattern 
of the injected Gd-DTPA contrast solution. The fluid 
was unequally distributed over the transverse sections 
at the distal end and the shape of the frontal zone of 
injected Gd-DTPA contrast solution has become 
more parabolic appearance. This observation was 
partially in agreement with previous studies which 
were evaluated the flow distribution in the blood 
compartment using MR fourier velocity imaging and 
computed tomography (CT) techniques [7], [18]. 
However, it is worthwhile to point out that the flow 
distributions were reported here with the assumption 

of fiber density uniformity along the each transverse 
section. This assumption may not be true always due 
to the manufacturing conditions. Therefore, some of 
the variability in the reported flow distributions can 
be due to fiber density variabilities variabilitiesand 
non-optimized priming process. 
The time required to perform one MRI scan was 
around 1 min 32 sec in this study. Therefore, the 
effect of the diffusional displacement in the axial 
direction of Gd-DTPA during the scan period was 
assumed to be ignorable and enhanced signal region 
due to motion of Gd-DTPA expected to reflect the 
precise flow direction of injected contrast solution. 
Furthermore, because the contrast injection was done 
using the 200 ml/min input flow rate, the vortex 
generation in the blood flow path was not expected 
here.  
 
CONCLUSION 
 
This paper demonstrates the utilization of MRI to 
observe the flow distribution in the blood 
compartment of clinical artificial kidney dialyzer with 
a more feasible approach in a qualitative manner.  
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