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Abstract— The objective of the study was to 

develop a robust, reproducible protocol for 
quantifying the effectiveness of catheter flushing 
techniques.  Institutional protocols vary between 
institutions with some advocating continuous 
flushing while others promote pulsatile flushing.  
Clean in place protocols from other industries 
suggest that fluid dynamics can significantly 
improve the effectiveness of catheter cleaning 
techniques.  However, future studies that take a 
rigorous approach to quantifying the role of 
factors such as flow rate, Reynolds number, flow 
pulsatility, or flow volume will require a robust 
methodology that enables comparisons between 
flushing procedures and devices.  In this study, 
bovine serum albumin (BSA) concentrations and 
red blood cell (RBC) counts were used to quantify 
catheter cleanliness.  Two different catheter 
configurations were loaded using a BSA/RBC 
mixture or a whole blood soil then flushed using 
phosphate buffered saline (PBS).  The amount of 
BSA and number of RBCs remaining in and 
exiting the catheter were measured.  Study results 
showed that counting RBCs provided a 
statistically significant means of quantifying 
differences between 10 ml and 3 ml flushes.  
Furthermore, using RBCs provided both 
qualitative visual cues and quantitative 
information without specialized equipment.  
Future studies could use the findings to develop 
standardized institutional protocols for catheter 
maintenance. 
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I. INTRODUCTION  

Venous access is a critical component of patient 
care, but can increase the potential for complications, 
such as thrombosis, infection, or morbidity [1].  
Intravenous access is used to deliver medication and 
nutrients, or withdraw blood for analysis.  The size and 
intended use of catheters make them prone to 
occlusions and microbial colonization so proper  
catheter maintenance is essential for proper patient 
care.   

A major part of catheter maintenance involves the 
administration of saline and heparin flushes before and 
after delivery of medication or nutrients, or removal of 

blood [2-3].  Saline flushes are administered using 
either a constant flow rate or a push-pause technique, 
in which the flush is administered for a period of time, 
paused, then resumed for the remainder of the flush.  
The push-pause flushing technique may also be 
referred to as a pulsatile, turbulent, or stop-start 
flushing technique.  Significant variability exists among 
institutions as to which technique should be 
implemented for catheter maintenance [2, 4].  The 
generally accepted rationale for using the push-pause 
technique among clinical personnel is that pulsatile 
flows create turbulence and improve catheter cleaning 
[2, 3, 5, 6].  However, no studies have definitively 
quantified that turbulence exists or that pulsatile 
flushing is more effective [7-11].   

The fundamental premise of the push-pause 
technique is similar to the clean-in-place (CIP) 
practices utilized by the food and agriculture industries 
[13-16].  CIP is a method of cleaning the interior 
surfaces of pipes or valves without disassembly.  A 
key element of CIP techniques relies on disturbing the 
boundary layer near the wall to increase mass or heat 
transfer and thereby improve cleaning effectiveness 
[16].  Disruption of the boundary layer can be 
accomplished by increasing the volumetric flow rate or 
utilizing a stop-go-stop-go method, similar to the push-
pause method.  The basic premise is that increasing 
flow velocity leads to a higher Reynolds number and 
wall shear stress which can decrease cleaning times 
even for laminar flows [14, 16, 17].  At high Reynolds 
numbers leading to turbulent flows, the boundary layer 
at the wall is thin and can be easily disturbed.  When 
combined with the other inherent properties of 
turbulent flows, soil is more easily removed. 

Studies from other industries [12,14] suggest that 
flow properties and pulsatile flow can enhance CIP 
procedures, however, only a small number of studies 
have been done to date that focus on catheter 
cleaning procedures. Anecdotal evidence and best 
practices suggest that higher flow rates, longer flush 
times, or the push-pause technique enhance catheter 
cleaning, but only a limited number of studies have 
sought to quantify the relationship between flush 
properties and catheter cleanliness.  Robust protocols 
for establishing these relationships are not well 
defined.   

Vigier et al. [8] used a solid soil in a specialized 
flow chamber to qualitatively show that unsteady flows 
reduced the time scale of deadhesion of solid deposits 
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relative to flushing with a steady flow.  Visual cues 
were used to confirm qualitative observations.  Results 
from the study suggested that a pulsed flushing 
technique could enhance catheter cleaning, but 
quantitative findings were not presented.   Guiffant et 
al. [9] built on the study done by Vigier et al. to study 
the efficacy of pulsed versus continuous infusions.  In 
this study, bovine serum albumin (BSA) and fibronectin 
were passively adsorbed to catheter lumens.  Flushing 
procedures were performed using 10 mL syringes 
prefilled with normal saline.  The amount of albumin 
recovered from the lumen of the tested devices was 
used to quantify the efficacy of the flushing procedure.  
Dead space volumes were not included.  Findings from 
the study suggested that the highest amount of BSA 
removed for a 10 ml flush volume occurred with a flush 
time of 2.5 seconds and increasing the flush time to 5 
seconds decreased the amount of BSA removed.  The 
authors suggested that increasing Reynolds number 
increased the percentage of BSA removed and 
turbulence was likely contributing to the increased 
removal since the Re exceeded their criteria for 
turbulence, a Re of 1000.  In the study, the highest 
Reynolds numbers considered were 1270 and 2500 
suggesting that Re is indeed an important parameter in 
catheter cleaning.  However, the study did not 
establish whether the flows were turbulent or only 
assumed turbulent based on a threshold Re of 1000.  
Without alternative methods for establishing 
turbulence, Re between 1000 and 2500  and up to 
3500 may be in a transitional regime between laminar 
and turbulent flows thus further studies are needed to 
more precisely quantify potential effects of turbulence 
on catheter cleaning. The findings from Guiffant et al. 
[9] suggested that the push-pause technique may have 
effects on catheter cleanliness, but only a limited 
amount of data was generated and the robustness of 
the testing protocol was unclear.   

A 2018 study by Thandaveshwara et al. [11] 
obtained conflicting results.  In the study by 
Thandaveshwara et al. [11], pulsed and non-pulsed 
flushing techniques were used to remove whole blood 
soils from contaminated peripheral vascular catheter 
hubs obtained from a clinical setting.  The hubs were 
flushed using 1 ml of normal saline over a period of 60 
seconds using either a continuous flush or pulses of 
0.2 ml.  Red blood cell counts were performed on the 
washout and used as the means of assessing the 
effectiveness of the cleaning techniques.  In contrast to 
the results presented by Guiffant et al. [9], the findings 
from the study suggested that there were no statistical 
differences in cleaning effectiveness between the 
pulsed and non-pulsed cleaning methods.  However, it 
was unclear if the initial red blood cell counts in the 
catheter were known or how much human variability 
existed in the rate of delivery of the 0.2 ml flushes.   

Protocols from the food and agriculture industries 
suggest that fluid forces could be used to improve the 
effectiveness of catheter cleaning processes.  
However, differences in the results reported by 
Guiffant et al. [9] and Thandaveshwara et al. [11] 

highlight the need for additional studies to fully quantify 
how factors such as flow velocity, Re, or turbulence 
impact catheter cleanliness. Furthermore, there is a 
need for a robust, repeatable experimental protocol 
and method of quantifying catheter cleanliness that will 
allow for comparisons to be made between studies, 
particularly those involving a broader range of Re or 
pulsed flows.  The current study addresses this need 
through development of a statistically reproducible 
experimental protocol that integrates both qualitative 
visualization as well as quantification of catheter 
cleanliness using a whole blood soil. 

II. METHODS 

The overall objective of the study was to develop a 
robust, reproducible, realistic test protocol for 
quantifying the effectiveness of catheter flushing.  The 
protocol is an essential step needed to quantify the 
potential impact of pulsatile flushing on catheter 
cleanliness.  In this study, achievement of statistically 
significant differences (P value< 0.05) between 3 and 
10 ml continuous flushes, two volumes previously 
shown to result in different levels of soil removal [9], 
was used to establish robustness and reproducibility. 

A solid soil was used as a qualitative indicator of 
catheter cleanliness by Vigier et al. [8] and 
Thandaveshwara et al. [11], while Guiffant et al. [9] 
used fibronectin and BSA to quantify catheter 
cleanliness.  For the current protocol, it was desirable 
to have both quantitative and qualitative means of 
assessing cleanliness for comparison.  Red blood cells 
(RBCs), obtained from defibrinated whole sheep’s 
blood, were identified as an additional component of 
blood that could be easily quantified without 
specialized equipment and would allow for direct 
visualization of soil removal.  For initial tests, a 
phosphate buffered saline (PBS)/BSA/RBC mixture 
was used for the catheter soil.  In later tests, only 
RBCs were used.   

Testing was done using Becton Dickinson BD 18 
GA 65cm PICC catheters and Becton Dickinson 
Nexiva catheters.  Catheters were initially loaded with 
1 mL RBCs combined with 4.5 mg BSA/mL PBS.  
RBCs were obtained following centrifugation at 4500 
RPM for 4 minutes.  All catheters were loaded with soil 
by vertically drawing the soil mixture into the catheter 
and visually inspecting the catheter and connector to 
ensure that all dead spaces were filled and no air 
bubbles were present.  The catheters were then 
placed in a KD Scientific 200 syringe pump for 
functionalization.  Functionalization was done for two 
hours using the continuous mode for the syringe pump 
with a volume setting of 0.05 mL and a rate of 0.05 
mL/min to maximize the amount of BSA deposited on 
the catheter surface.  An alternate functionalization 
procedure was utilized with whole blood soil in which 
the catheters were loaded then allowed to functionalize 
statically for ten minutes.  Mass measurements were 
used to ensure consistent loading.   

To eliminate human variability in the flushing 
process, all catheters were flushed with 1% PBS at a 
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prescribed volume and rate using the KDS Scientific 
syringe pump.  Both residue and washout volumes 
were captured and analyzed. For the purposes of the 
present study, the volume remaining in the catheter 
was defined as the residue and the volume exiting the 
catheter was the washout.  In contrast, the studies by 
Guiffant et al. [9] and Thandaveshwara et al. [11] only 
utilized washout measurements.   To capture the 
residue volume after the washout was collected, air 
was flushed through the catheter and the exiting 
volume was captured.  An additional dead space 
volume was also observed in the catheter connector 
even after capture of the residue.  The dead space 
volume was removed manually using a pipette and 
added to the residue volume.  The average volume 
trapped in the connector was approximately 50 μL, 
thus exclusion of dead space volumes underestimated 
residue concentrations by as much as 4-5%.   

The concentrations of BSA present in both the 
residues and washouts were determined using a 
Thermo Scientific Pierce Bicinchoninic Acid Protein 
Assay Kit (ThermoScientific, West Palm Beach, FL).  
Readings were taken using a Spectra Max 190 
Microplate Reader (Molecular Devices, Sunnyvale, 
CA) at a wavelength of 562 nm.  Cell counts 
associated with the residue and washout were 
determined using standard hemocytometer and cell 
counting procedures.  The cell counting process was 
partially automated using ImageJ to improve efficiency.  
Samples were loaded into a hemocytometer then 
images were digitally captured using a Cooke 
SensiCam QE attached to an Olympus IX71 inverted 
microscope.  Images from the SensiCam were 
captured using StreamPix (NorPix Inc., Montreal, 
Quebec) video capture software.  All images were 
saved then analyzed offline in ImageJ using the Cell 
Counting plug-in.     

III. RESULTS 

To establish the robustness of the protocol, 
preliminary trials were conducted to determine if 
simultaneous measurement of BSA and RBC 
concentrations could detect statistically significant 
differences between a 3 ml and 10 ml catheter flush.  
Visual inspection of the catheters was used as a 
supplementary means of assessing catheter 
cleanliness.  Three trials were initially performed using 
simultaneous measurement techniques to analyze the 
residue and washout for 3 and 10 ml flushes.  In the 
preliminary trials, higher concentrations of BSA and 
numbers of cells were generally seen in the 3 ml 
residue while higher BSA concentrations and numbers 
of cells were generally seen in the 10 ml washout.  The 
results were consistent with what was anticipated from 
visual inspection, however inconsistencies with the 
BSA measurements were observed.    

To determine if these inconsistencies were due to 
the limited sample size or inherent protocol limitations, 
a larger sample size was implemented.  An additional 
three trials were conducted; however, BSA results 
remained inconsistent.  The washout concentrations 
consistently showed higher concentrations of BSA, 
similar to what was observed by Guiffant et al. [9] and 
the numbers of cells were greater with a 10 ml flush.  
However, the residue BSA concentrations were also 
higher with the 10 ml flush while the numbers of cells 
in the residue were lower.  Simple conservation of 
mass calculations suggested that the BSA results were 
unrealistic.   The results from the cell counting 
procedure, however, were as expected. Cell counting 
results showed that more cells were present in the 
washout following a 10 ml continuous flush (mean 

number of cells = 6.03 * 109 cells) than following a 3 
ml flush (mean number of cells= 4.13 * 109 cells).  
Fewer cells were also seen in the residue following a 
10 ml flush (mean number of cells = 1.57 * 108 cells) 
than a 3 ml flush (mean number of cells = 2.36 * 108 
cells).   The results obtained using the cell counting 
technique indicated the potential robustness of using 
cell counts, however, the inconsistent measurements 
from the BSA assay suggested that the simultaneous 
use of RBC and BSA measurements was not reliable.  
An additional five experiments were performed in 
which BSA concentrations were determined 
separately, however, the BSA assay results were still 
shown to be inconsistent with great variability between 
the residue and washout results.   

Fig. 1. Comparison of red blood cells found in the 
residue vs. washout following 3 ml and 10 ml 
continuous flushes in Becton Dickinson 18 GA 65cm 
PICC catheters.  

Fig. 2. Graphical comparison of residue and washout 
data in Becton Dickinson 18 GA 65cm PICC catheters .  
More cells are found in the washout following a 10 ml 
catheter flush than a 3 ml flush while fewer cells are 
found in the residue following a 10 ml catheter flush 
than a 3 ml flush.  Error bars depict one standard 
deviation.      
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To verify the statistical robustness of the cell 
counting protocol in quantifying catheter cleanliness, 

an additional 10 experiments were done to determine if 
the protocol could detect statistically significant 
differences between 3 ml and 10 ml continuous 
flushes.  Figure 1 shows the aggregate raw data 
obtained from the six original and ten additional trials, 
while Figure 2 shows a graphical comparison of the 
results.  As seen in Figures 1 and 2, more cells 
remained in the catheter residue following a 3 ml flush 
than a 10 ml flush.  Also, more cells were present in 
the washout following a 10 ml flush than a 3 ml flush.  
A two tailed t-test was performed and a P-value of 
0.0142 was obtained using the washout data indicating 
that the means were statistically different.  For the 
residue data, a P-value of 0.0039 was obtained, 
indicating that the means were significantly different.  
Overall, these results indicated that cell counting 
techniques could be used as an effective means of 
quantifying catheter cleanliness following flushing 
procedures.   

To further test the robustness of the technique, 
alternate catheters, BD Nexiva catheters, were 
introduced and the cell counting protocol was 
repeated.  Five trials were done to confirm that the 
protocol could discern between a 3 ml and 10 ml 
continuous flush.  Figure 3 shows the raw data 
comparing 3 and 10 ml flushes and Figure 4 depicts 
the graphical results.  Consistent with results obtained 
in the PICC catheter, the 10 ml flush yielded more cells 
in the washout than a 3 ml flush, and fewer cells in the 
residue.  Unpaired t-tests for the washout 
measurements yielded a P-value of 0.0076 while t-test 
results for the residue yielded a P-value of 0.0439.  
The statistical significance further validates the 
robustness of the cell counting protocol. 

The protocol developed in the current study relied 
on measurement of both the residue and washout cell 
counts.  However, the measurements did not 
incorporate the starting red blood cell concentrations 
which could vary between batches of blood.  To 
eliminate the effects of initial cell concentration, the 
ratio of the number of cells in the washout to the 
number in the residue (washout/residue ratio) was 
calculated for each trial.  The ratio provided additional 
information about the relative distribution of cells 
following a flush and enables direct comparisons 

between trials with different batches of blood to be 
made.   

To test whether or not washout/residue (W/R) ratios 

would detect statistically significant differences 
between a 3 ml and 10 ml flush, the PICC data from 
Figure 1 was re-analyzed.  If a W/R ratio was used to 
analyze the data in Figure 1, a mean W/R ratio of 18 
was obtained for a 3 ml flush while a mean W/R ratio 
of 80 was obtained for a 10 ml flush.  Two-tailed t-test 
results yielded a p-value of 0.0015, indicating the 
means are statistically different.  For the Nexiva 
catheter, a mean W/R ratio of 100 was obtained for a 3 
ml flush while a mean W/R ratio of 182 was obtained 
for a 10 ml flush.  For the Nexiva catheter, two-tailed t-
test results yielded a p-value of 0.0331.  The statistical 
significance suggests that future studies could utilize 
W/R ratios for quantifying the effectiveness of a flush 
to eliminate variability in initial cell concentration. 

IV. CONCLUSIONS 

In this study, the use of BSA concentrations and 
RBC counts were investigated as possible means of 
quantifying catheter cleanliness.  Data from trials 
involving BSA were shown to be highly variable, and 
statistical analysis of the data did not discern 
significant differences in BSA concentrations following 
3 ml and 10 ml continuous flushes. In contrast, the use 
of cell counting was able to detect statistically 
significant differences in the number of cells in both the 
residue and washout in two different types of 
catheters.   

Results from this study indicate both the 
significance of flush volume and flow rate on catheter 
cleaning, as well as the effectiveness of the protocol in 
assessing cleanliness.  The findings are consistent 
with those presented by Guiffant et al. [9], but 
demonstrate statistical significance relative to 
differences in the numbers of cells in both the washout 
and residue volumes.  Furthermore, the protocol using 
red blood cells provided a qualitative visual cue similar 
to the studies by Vigier et al. [8] and Thandaveshwara 
et al. [11].   Both quantitative and qualitative findings 
validated the robustness of the protocol.   

Fig. 4. Number of cells in the washout and residue 
following 3 and 10 ml continuous flushes in Becton 
Dickinson Nexiva catheters. 

Fig. 3. Graphical comparison of the number of red 
blood cells in the washout and residue following 3 ml 
and 10 ml flushes in Becton Dickinson Nexiva 
Catheters.  Unpaired t-test results show that statistically 
fewer cells are found in the residue from the catheter 
following a 10 ml flush than a 3 ml flush while more 
cells are found in the washout following a 10 ml flush 
than a 3 ml flush.  Error bars depict standard deviation. 
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The cleaning protocol and choice of soil offer 
several advantages over previous methods presented 
in the literature and could be used to robustly quantify 
the role of factors such as flow rate, pulsatile flow, or 
turbulence on catheter cleaning.  The use of a whole 
blood soil provides a simpler means for quantifying 
cleanliness without the need for specialized assays or 
equipment.  Furthermore, the protocol provides 
quantitative information about where cells are 
distributed and accounts for cells trapped in dead 
space volumes to provide a more thorough 
understanding of the effects of various flow parameters 
on cleaning.  Visual cues also provide a qualitative 
understanding of the effects of catheter geometry and 
flow pathways on flushing effectiveness.  
Washout/reside ratios serve as a standardized 
measurement parameter to allow for comparisons 
between soils or catheters in future studies.             

Results from this study demonstrate that cell 
counting can be used as a reliable, robust means of 
predicting catheter cleanliness.  Measurement of both 
residue and washout concentrations, as well as the 
use of W/R ratios, provide a holistic view of catheter 
cleanliness and account for any variability in initial cell 
count, dead space volumes, hemolysis, or 
experimentalist variation.  Findings obtained using the 
protocol validate the importance of flow parameters 
and confirm the need for future studies to further 
quantify the impact of fluid dynamics on catheter 
cleaning procedures.  Overall, the study provides a 
reproducible protocol that ultimately could be used to 
develop standardized institutional protocols for 
catheter maintenance or aid in catheter design.   
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