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Abstract

Purpose Extracorporeal ultrafiltration is an attractive alternative to diuretics for removing excess plasma water in critically
ill patients suffering from fluid overload. In continuous renal replacement therapy (CRRT), ultrafiltration occurs in isolated
form (SCUF) or supplemented by replacement fluid infusion (CVVH) and the net fluid removal rate is controlled by peri-
staltic pumps. In this work, a pump-free solution for regulating the ultrafiltration rate in CRRT applications is presented.
Methods The system consists of a motorized clamp on the ultrafiltration line, whose intermittent opening is modulated with
a closed-loop control system based on monitoring of ultrafiltrate collected and any replacement fluid infused. The system
was tested on two platforms for SCUF and CVVH, with “low-flux” and “high-flux” hemofilter, with various ultrafiltration
setpoints and patient net weight loss targets.

Results In all configurations the set ultrafiltration rate was achieved with a maximum error of 5% and the values recorded
were kept within + 100 ml/h with respect to the setpoint, as recommended by international standard IEC 60601-2-16. The
net fluid removal trend was highly correlated with that expected (95%<R?<99%) and the weight loss target was reached in
the expected time. For low ultrafiltration rates (60-150 ml/h) the system accuracy was better with the “low-flux” hemofilter.
Conclusion The developed clamp system represents a valid alternative to state-of-the-art solutions with peristaltic pumps in
terms of performance, with potential usability advantages. The compliance with safety requirements given by international
standard IEC 60601-2-16 is a prerequisite for clinical use.

Keywords Clamp - Pinch-valve - Slow continuous ultrafiltration - Hemofiltration - Net fluid removal - Fluid overload

1 Introduction

Fluid overload (FO) or hypervolemia is a common complica-
tion in critical patients suffering from acute kidney injury
(AKI) and can be caused by excessive fluid administration or
by worsening kidney disease [1-3]. Hypervolemia does not
only indicate a renal impairment but is often associated with
multi-organ dysfunction [4]. Several studies show that an
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increase in body weight of more than 10% due to fluid reten-
tion increases the mortality rate and worsens the clinical
condition of critical patients with respiratory failure, sepsis,
or AKI [2, 5, 6]. In addition, more than 90% of hospitali-
zations for acute decompensated heart failure (ADHF) are
due to fluid overload, with poor prognosis. Abnormal fluid
retention begins in the early stage of heart failure and leads
to physiological consequences involving other organs. The
activation of neuro-humoral system promotes sodium reten-
tion, unbalanced hemodynamics, inflammation, and oxida-
tive stress, affecting kidney functions in ADHF. The close
interaction between heart and kidney, whereby a dysfunction
in one organ is reflected on the other, is defined as cardio-
renal syndrome (CRS) [7-10]. The removal of excess fluid
becomes crucial in hypervolemic patients in such critical
conditions. Diuretic agents are the first-line therapeutic strat-
egy to relieve the symptoms of fluid overload. However, it
is quite common that massive use of diuretics causes unre-
sponsiveness of patients to drug treatment, with worsening
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the clinical condition [7—10]. In fluid overloaded patients not
responding to diuretics, extracorporeal ultrafiltration proved
to be a viable alternative to the pharmacological approach,
where excess fluids are mechanically removed across the
hemofilter membranes. Slow continuous ultrafiltration
(SCUF) is a form of continuous renal replacement therapy
(CRRT) specifically used to achieve patient weight loss by
removing excess plasma water from whole blood [8, 11-13].
Low filtration rates (2—-8 mL/min) are typically employed
to fulfil the fluid removal target, with low blood flow rates
and filters with a small surface area [14]. Clinical studies on
ultrafiltration show that SCUF effectively reduces oedema
and neurohormonal activation, improves hemodynamic
balance and has beneficial effects on diuretics response.
For patients requiring solute clearance in addition to fluid
removal, and for a better volume control, ultrafiltration can
be supplemented with simultaneous infusion of a sterile
solution (continuous veno-venous hemofiltration, CVVH),
[8, 15-17]. The replacement fluid may be administered
upstream (pre-dilution) or downstream (post-dilution) of
the blood filter. The post-dilution solution is more efficient
at removing solutes, whereas the pre-dilution mode helps to
reduce coagulation phenomena on the filter [15]. To increase
the solute clearance, ultrafiltration rates typically used in
CVVH are significantly higher than those of isolated ultra-
filtration [16]. Given the importance of proper fluid balance
in critical patients, CRRT devices must be equipped with
precise net fluid removal control systems that considers the
ultrafiltrate product and any fluid administered [18, 19]. In
common practice the ultrafiltration process is driven by a
peristaltic pump on the effluent compartment of the hemo-
filter [11-13, 20]. During treatment, the inevitable increase
in blood viscosity due to hemoconcentration promotes coag-
ulation phenomena, thus increasing the filter resistance. In
addition, the progressive clogging of the porous membrane
reduces its permeability. This causes the gradual increase in
transmembrane pressure, which is therefore monitored with
a pressure sensor on the effluent line [21-23]. In membrane
conditions close to saturation and transmembrane pressure
values dangerous to filter integrity, the main troubleshooting
is to reduce the ultrafiltration rate setting, plan the replace-
ment of the circuit, flush the filter with saline solution or
even prematurely interrupt the treatment.

This work presents an alternative solution to drive the
ultrafiltration process and control the net fluid removal
rate in CRRT devices, intended for use in both isolated
ultrafiltration and when replacement fluid infusion is
needed. The ultrafiltration is controlled through the inter-
mittent opening of a motorized clamp on the effluent line
of the hemofilter, with no need for a peristaltic pump and
a pressure sensor for transmembrane pressure measure-
ment. A closed-loop control system is used to modulate
the opening of the clamp and then the net fluid removal
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rate, monitoring in real-time the amount of ultrafiltrate
product and any replacement fluid infused through dedi-
cated weight scales.

2 Materials and methods
2.1 Theoretical background

The ultrafiltration process is defined as the removal of
plasma water (solvent, free of cells and colloids) from
whole blood across a semipermeable membrane, driven
by a transmembrane pressure (TMP) gradient between the
blood and effluent compartments.

In continuous renal replacement therapy (CRRT) the
ultrafiltration process takes place in the hemofilter, which
consists of a bundle of hollow capillary fibers coated with
a semi-permeable synthetic membrane made of a thin layer
of porous plastic material, with specific characteristics of
selective permeability to different solutes and water. The
overall ultrafiltration rate UFR is defined as the ultrafiltrate
volume produced per unit of time. In convective blood
purification modalities such as CVVH, where ultrafiltra-
tion is performed in combination with replacement fluid
infusion, the net ultrafiltrate rate (UFRnet) corresponds
to the net volume of fluids removed from the patient by
the machine per unit of time, so it is calculated as the dif-
ference between the overall UFR and replacement fluid
infusion rate. In SCUF applications only fluid removal is
provided, so UFRnet and UFR coincide.

The ultrafiltration rate is influenced by both operating
parameters such as TMP and hemofilter intrinsic perme-
ability properties.

The overall UFR [mli/h] can be calculated as [15]:

UFR = Kuf X TMP

Where:
e Kuf=hemofilter ultrafiltration coefficient [ml/(h X mmHg)]
e TMP =transmembrane pressure [mmHg]

The transmembrane pressure can be approximated as
[15, 16]:
TMP = Pbi+ Pbo Puf
Where:
e Pbi=Dblood pressure at filter inlet.
e Pbo=blood pressure at filter outlet.
e Puf=ultrafiltrate pressure at filter effluent line.

The membrane ultrafiltration coefficient (DKuf) reflects the
water permeability of the filter hollow fiber membranes per
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unit pressure and surface. For any given filter, the ultrafiltra-
tion coefficient Kuf is the DKuf multiplied by the membrane
surface area of that filter (A). Kuf depends on both the dimen-
sions of the membranes, the number of pores and pore dimen-
sions. The unit of measurement is [m!/(h X mmHg)]) [24, 25].
This parameter is provided by filter manufacturers, and it
is measured experimentally as the ratio of the ultrafiltration
rate UFR per unit of applied TMP:
UFR 1

_ UFR
~ TMP

Based on Kuf parameter, “low-flux” (Kuf< 10 ml/h/
mmHg ), “medium-flux” (10 < Kuf <25 ml/h/mmHg) and
“high-flux” (Kuf>?25 ml/h/mmHg) hemofilters are identi-
fied [15, 16].

The ultrafiltration rate for a given filter is directly pro-
portional to transmembrane pressure, but the relationship is
linear only within a certain pressure range, beyond which a
plateau is reached. Leaning towards the curve plateau, any
increase in TMP pressure becomes ineffective on the ultra-
filtration rate [24-26]. This is due to the progressive reduc-
tion of filter performance. Indeed, the filter permeability
is strongly affected by the fouling phenomenon, which is
the deposition of plasma proteins on the membrane surface,
leading filter to clog. The reduction in the number of pervi-
ous pores and the high oncotic pressure due to secondary
protein layer opposes the ultrafiltration process.

2.2 State of the art

The early forms of CRRT devices consisted of artero-venous
blood circuits, where the patient’s own arterial pressure was
used to pump the blood through the hemofilter, and the ultra-
filtration rate was adjusted by manually lifting up the ultra-
filtrate collection bag to the height. With the integration of
roller pumps into the CRRT circuit, arterio-venous pressure
gradients were no longer needed for flow rate generation
in the extracorporeal circuit [8, 11-13]. In modern veno-
venous CRRT devices, roller pumps with adjustable flow-
rate are used not only for blood circulation (blood pumps),
but also for the infusion of replacement fluid (replacement
pumps) and to guide the ultrafiltration process (ultrafiltra-
tion pump) [14]. Roller pumps on the ultrafiltration line are
used to create a negative pressure in the ultrafiltrate com-
partment, and consequently to generate the transmembrane
pressure gradient for the ultrafiltration process [12, 13, 20].
The variation in the flow rate of roller pumps makes it possi-
ble to modulate the extent of fluid removal by ultrafiltration
and thus, ultimately, to control the patient’s weight loss [18].
Further, the ultrafiltrate product is monitored through weight
scales connected to the fluid collection bag. To prevent cir-
cuit breakage from overpressure and reduce the risk of blood

loss, in CRRT devices internal pressures are monitored by
appropriate sensors. For monitoring hemofilter-related pres-
sures, the sensors are positioned at the inlet and outlet (dif-
ferential pressure), and on the effluent line (transmembrane
pressure) [22, 23].

2.3 Proposed solution operating principle

This work presents a pump-free system for the regulation of
ultrafiltration in CRRT devices. Plasma water is removed
by means of an intermittent and controlled opening of a
motorized clamp on the effluent line of the hemofilter, act-
ing as pinch-valve. With the clamp closed the effluent line is
occluded, and the ultrafiltration is prevented in the absence
of a transmembrane pressure gradient. When opening the
pinch-valve, the hydrostatic pressure exerted by the vertical
water column on the effluent line (Puf) in the opposite direc-
tion acts as the driving force for the ultrafiltration process,
contributing to the transmembrane pressure gradient across
the hemofilter membranes. The height of the water column
corresponds to the height distance between the outlet point
of the effluent line on the hemofilter and the connection
point with the ultrafiltrate collection bag. The ultrafiltration
line pressure can be estimated according to the Stevin law:

Puf =pXxXgxh

Where:

Puf=ultrafiltration line pressure [mmHg].
p=water density = 1000 [kg/m?]

g = gravitational acceleration=9.81 [m/s?]
h=height of water column [m].

Based on circuit layout (Fig. 1a, b) where h=1 m, the
ultrafiltration pressure Puf given by water column is esti-
mated to be 9810 Pa (~75 mmHg) on both SCUF and CVVH
platforms.

The filter and the effluent line shall be airlessly primed
before the treatment session with saline solution, to keep
the pressure drop fixed and constant from the start of the
ultrafiltration process.

In ultrafiltration phase the estimated transmembrane pres-
sure gradient [mmHg] is:

Pin + Pout _

TMP = Pb — Puf = ——

Puf

Where:

e Pb: hydrostatic pressure on the blood compartment,
intended as the average value between:

e Pin: pressure measured at the filter inlet.

e Pout: pressure measured at the filter outlet.

e Puf: estimated hydrostatic pressure exerted by water
column on the effluent line.
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Fig. 1 a Schematic representation of the CVVH platform circuit. h = 1 m. b Schematic representation of the SCUF platform circuit. h = 1 m.
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The intermittent opening of the clamp is modulated
through a closed loop control system, with the aim to reach
the target patient’s weight loss while maintaining a desired
net ultrafiltration setpoint. The final weight loss is then
achieved by losing small amounts of fluid at each clamp
opening over treatment time. To maintain the net ultra-
filtration rate setpoint, the ultrafiltrate collected and any
infused replacement fluid are monitored in real-time via
weight scales and used as an input for the control system.

Therefore, the proposed ultrafiltration system is intended
to be suitable for use in CRRT devices performing isolated
ultrafiltration (SCUF) but also when simultaneous replace-
ment fluid infusion is provided (CVVH): in both cases,
the overall ultrafiltration rate is monitored to maintain the
desired net fluid removal rate setpoint.

In SCUF application, the net ultrafiltration rate (netUFR)
coincides with the overall ultrafiltration rate (UFR):

e netUFR=UFR.

In CVVH application, the net ultrafiltration rate also con-
siders the replacement fluid infusion rate (RFR):

e netUFR=UFR - RFR

The control system provides real-time monitoring of
the ultrafiltration rate. Based on weight data measured by
scales, any excessive or insufficient variation in the net fluid
removal rate compared to the desired setpoint, is detected.
In compliance with international standard IEC 60601-2-16
[27] a protective system is also provided, independent of
the control system to reduce the risk of uncontrolled ultra-
filtration. Each intervention of the protective alarm system
activates visual and audio signals and interrupts the ultra-
filtration process. In addition, the weight data measurement
chain provides intrinsic safety measures with redundant data
acquisition channels from load cells.

2.4 Hardware design

The ultrafiltration system was built and tested on two CRRT
platforms, one for isolated slow continuous ultrafiltration
(SCUPF), one for continuous hemofiltration (CVVH). In
SCUF platform (Chiara, MediCon Ingegneria s.r.1., Budrio)
the extracorporeal circuit included a “low-flux” hemofilter
with small surface area (Sup =0.2 m?, Kuf =7 ml/h/mmHg,
blood flow range = 10-200 ml/min). A syringe-type blood
pump was used with alternating, asymmetrical and continu-
ous flow. For CVVH platform (CO2RESET, Eurosets s.r.1.,
Medolla) the tubing set was equipped with a “high-flux”
hemofilter with a larger surface area (Sup= 1.2 m?, Kuf=55
ml/h/mmHg, blood flow range =50-200 ml/min). Two

peristaltic pumps were used, one for blood flow (BLOOD
PUMP) and the other for replacement fluid infusion
(REPLACEMENT PUMP). The enabling of replacement
line, inserted in post-dilution, was managed via the device
user interface. The clamp movement was driven by a lin-
ear stepper motor (NIDEC SERVO, Model KH42JM2-951)
operating on a cam mounted on the motor shaft. The cam
acts on a sliding component by giving it an alternating
motion: on one side there is the occlusion section, on the
other side a pre-loaded spring is inserted. When the actua-
tion system is powered to open the pinch-valve, the cam
compresses the spring which increases its resistant force:
the maximum resistant force corresponds to the maximum
opening of the tube. When the system is not powered, the
preloaded spring ensures the complete closure of the clamp
(Fig. 2a). The motor is intended to be driven both in a clock-
wise or counterclockwise direction by a dedicated Stepper
motor board (ULTRAFILTRATION CLAMP BOARD) and
a power stage driver. The clamp was set up to ensure differ-
ent degrees of tube occlusion: from complete flow obstruc-
tion (opening percentage =0%) to free fluid passage (open-
ing percentage = 100%). The control system is based on a
microcontroller (uC Masterboard) that implements clamp
opening modulation. Further, an optical “OPEN/CLOSED”
sensor (OPTEK, Model OPB360T51 Slotted Optical Switch,
Transmissive, Phototransistor Output) was used for real-time
monitoring of the clamp opening status, and to detect any
anomalous pinch-valve movement during ultrafiltration.
The main components of the proposed solution are shown
in the system block diagram (Fig. 2b). Ultrafiltrate collec-
tion bag and, in CVVH platform, also replacement fluid bag
was hung to load cells for weight measurement and real-
time monitoring of net fluid removal. Double channel load
cells (Manufacturer: PICOTRONIK, Model: AAA-2 DOU-
BLE BRIDGE, Nominal load: 5 Kg, Sensitivity: 2.3 +/- 0.2
mV/V, zero balance: +/- 0.02 mV/V, Creep: +/- 0.5 uV/V,
Abs. Error: +/- 1% nominal load) were used with the redun-
dancy of strain gage sensors (resistive Wheatstone bridge).
Furthermore, a non-invasive pressure sensing system was
chosen for pre-filter and post-filter pressure monitoring.The
uC boards of the system were connected through a serial
line, with data transmission according to the RS485 com-
munication protocol.

2.5 Clamp ultrafiltration software algorithm

For ultrafiltration rate modulation, the following algorithm
was implemented on uC Masterboard firmware. The refer-
ence point of the algorithm is the desired hourly net ultra-
filtration rate (fluid removal), expressed in ml/h, which is
set via the device user interface and saved on a dedicated
variable. The algorithm works with cycles of 60 s defined
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by timer t. For each algorithm cycle, the clamp is opened
for the time needed to produce the target amount of ultra-
filtrate (Aweight) consistent with the hourly net ultrafiltra-
tion rate setpoint, monitored through load cells. When the
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tion line housing 10) External enclosure in front view, b Block dia-
gram of ultrafiltration rate modulation system

target of the current cycle is reached (Aweight > target),
the pinch-valve is closed by interrupting the ultrafiltration
process, and any excess weight loss (ERR) is stored and
compensated in the next cycles. When the timer expires,
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Fig.3 Flowchart of ultrafiltration clamp modulation algorithm

a new cycle starts. If the target is not reached within the
timer T expiration, an insufficient ultrafiltration rate detec-
tion system is activated. In case of isolated ultrafiltration
(SCUF platform), Aweight coincides with the weight

increase of ultrafiltrate collection bag. In the presence of
a replacement line (CVVH platform) the weight decrease
of replacement bag is also considered. The total net fluid
removed from the start of treatment is constantly monitored
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and calculated as the sum of all “instantaneous” Aweight of
each cycle. A schematic simplified flowchart of the runt-
ime algorithm implemented by Masterboard is reported
in Fig. 3.

The control system for clamp opening modulation is also
supplemented by dedicated functions for detection of any
insufficient or excessive ultrafiltration rate through monitor-
ing of weight variations on collection bags, and the related
activation of visual and audio alarm.

2.6 Test protocol

The ultrafiltration system was tested on CVVH and SCUF plat-
forms in two phases, a functionality test and an “in vitro” test.

The functionality test aimed to evaluate the ultrafiltra-
tion algorithm performance without external influences

due to fluid composition, in conditions of stable viscosity.
For this reason, it was decided to use physiological solu-
tion, which being completely permeable to the hemofilter
membranes does not change its viscosity during ultrafil-
tration process. Several configurations were tested, with
different net ultrafiltration setpoints and replacement fluid
infusion rates. The tests were carried out simulating treat-
ment sessions with a minimum duration of 60 min, three
repetition for each configuration (Test 1, 2, 3). Then, the
ultrafiltration system was tested “in vitro” through 6-hour
treatment sessions with bovine blood samples, to evaluate
the system’s response to gradual hemoconcentration due
to the removal of plasma water. The ultrafiltration algo-
rithm variables and weight data received from load cells uC
boards (Ultrafiltrate bag weight, Replacement bag weight)
were displayed and monitored in real-time on the device
user interface and stored on the device’s internal memory
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Fig.4 Net fluid removal trends related to functionality tests on
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tion rate (ml/h); RFR = Replacement fluid infusion rate (ml/h). The

@ Springer

= UFR=200 ml/h
UFR=300 ml/h
» UFR=500ml/h

60

Treatment time (min)

trends show the measured values (colored bullets) compared to the
expected ones (black lines). a RFR =0 ml/h, b RFR =300 ml/h,
¢ RFR =600 ml/h



Health and Technology (2023) 13:155-170 163

with a sampling frequency of one sample per minute for
post-processing analysis. I o R & g
g g R
O < T S N o
3 Results N o
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- S
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fluid rates (RFR): O (replacement line disabled), 300, and i ~ . * @
600 ml/h, resulting in overall ultrafiltration rates ranging \% ('c}l 2 2 ; O
from 100 to 1100 ml/h. The graphs in Fig. 4 show all the net
fluid removal values (weight loss) recorded during treatment ﬁ _a
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between the measured net fluid removal and the expected 0 P
one is reported in terms of linear regression (coefficient - S =
of determination R?) and mean error (+/- 95% confidence 3 SN 2 a3
interval). In all configurations, the linear regression pro- ©
cess returns an R? index greater than 0.94, and the mean i ~ 3=
error range is -10 ml+ 12 ml. Based on weight data sampled § § i § 2 R
from load cells, the “instantaneous” ultrafiltration rate was
calculated every minute as Aweight [t] / t, where AWeight %l <S8
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significant differences between the interquartile ranges of - Hoo x g ==
the repeated sessions (Test 1, 2, 3) and the median values = h Y 2 a T
are always close to the setpoint (+/- 15 ml/h), suggesting w )
the high repeatability of the ultrafiltration system. Further, i <+ S =)
all the values including maximum and minimum are within 2|2 |2 2 § § 3T
+ 100 ml/h with respect to the setpoint, as recommended z
by IEC 60601-2-16 standard (Subclause 201.12.4.4.103 £ q - S
NET FLUID REMOVAL) [27]. In Table 1 the overall net g S d = 5283
ultrafiltration rates (mean p +/- standard deviation o) are =l © ' S -
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average values. In all configurations, the percentage error of % o oo s 5 < %
the average net ultrafiltration rate compared to the setpoint Z S s @ ‘:‘_ s I
is always less than 5%. The standard deviations of net ultra- ;>u . é -
filtration values are within 30 +55 ml/h, with no significant E o, £, na%
differences between configurations. These results confirm § % o § 3 g 2o g™
the reliability of the developed ultrafiltration system in all E = E a 5 g =
tested configurations. ._l sE Bz 2 g é: 3 g g
On the SCUF platform the following ultrafiltration set- 2 o g % g < g 23 € § ®
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Fig.5 Boxplots diagrams
related to functionality tests

on CVVH platform for each
tested configuration. UFR =

net Ultrafiltration rate (ml/h);
RFR = Replacement fluid infu-
sion rate (ml/h). The diagrams
show the distribution of sliding
average net ultrafiltration
values (netUFR). The mean, the
median value and the interquar-
tile range (IQR) within first

and third quartiles are reported.
The safety range (red dashed
lines) is that recommended by
the EN 60601-2-16 standard
(+/-100 ml/h with respect to the
setpoint). For each net ultrafil-
tration rate (UFR) setpoint three
test results (Test 1, 2, 3) are
reported at different replace-
ment fluid infusion rates (RFR
=0 ml/h, RFR =300 ml/h, RFR
=600 ml/h). a UFR =100 ml/h,
b UFR =150 ml/h, ¢ UFR =200
ml/h, d UFR =300 ml/h, e UFR
=500 ml/h

@ Springer

a) 250 — - =Safety range
X Mean
200 — ———— e ——————————— e ————
150
100
—
50
0
Test 1 Test 2 Test 3 Test 1 Test 2 Test 3 Test1 Test 2 Test 3
Median 90 (78-137) 113 (77-125) 114 (72-135) 94 (60-128) 90 (78-120) 92 (78-126) 96(72-132) 102 (60-130) 94 (60-126)
(1QR)
RFR=0ml/h RFR =300 ml/h RFR = 600 ml/h
CVVH platform — set UFR = 100 ml/h
b) 300 — + =Safety range
X Mean
250 e ———————————————————————————
200
150 4='
100
D e ———————— — —— T —— T - 40—
0
Test 1 Test 2 Test 3 Test 1 Test 2 Test 3 Test 1 Test 2 Test 3
Median 144 (132- 156 (126- = 144(132- 150 (144-  150(148- 138 (120-  144(130- 153 (102- 144 (126-
(IaR 168) 186) 164) 156) 156) 157) 178) 190) 180)
RFR =0 mi/h RFR = 300 ml/h RFR = 600 ml/h
CVVH platform — set UFR = 150 ml/h
350 — - =Safety range
c) X Mean
300 ———————— et o —— a0 o
250
200
150
100 — e e ———— -
50
Test 1 Test 2 Test 3 Test 1 Test 2 Test 3 Test 1 Test 2 Test 3
Median 202 (174- 204 (186- 204 (182- 204 (180-  195(163- 204 (180- 192 (168- 192 (168- 204 (180-
(IQR) 222) 216) 223) 220) 228) 214) 210) 222) 212)
RFR =0 ml/h RFR =300 ml/h RFR = 600 ml/h

CVVH platform — set UFR = 200 ml/h

d) 450 — + =Safety range
00 e e e e e+ 1+ ¢+ X _Mean
350
=
300
250
200 e e e e e —— —— — —— — — — — — — — — — — — —
150
100
Test 1 Test 2 Test 3 Test1 Test 2 Test 3 Test 1 Test 2 Test 3
Median 291 (276- 306 (276- 306 (282- 303 (264- 306 (276- 306 (270- = 294 (270- 300 (294- 294(276-330)
(1aR) 330) 324) 318) 331) 318) 331) 306) 312)
RFR=0ml/h RFR =300 ml/h RFR = 600 ml/h
CVVH olatform — setUFR =300 ml/h
e) 650 — - -Safety range
X M
00 e e ean
550
500
450
350
300
Test1 Test 2 Test 3 Test 1 Test 2 Test 3 Test 1 Test 2 Test 3
Median 492(468-534) 498 (474- 504 (470- 498 (474- 504 (474- 504 (480-522 486 (462- 504 (486- 504 (474-
(IQR) 520) 520) 531) 534) 528) 516) 522)
RFR=0ml/h RFR =300 ml/h RFR = 600 ml/h

CVVH platform — setUFR = 500 ml/h



Health and Technology (2023) 13:155-170

165

results related to the SCUF platform are reported in Table 2;
Figs. 6 and 7. The R? index resulting from linear regres-
sion is always higher than 0.95 and the mean error range
is -2,5+0 ml, as confirmed by the net fluid removal trend
(Fig. 6). Even on the SCUF platform (Fig. 7), the box plots
related to netUFR moving average values highlight the
repeatability of the ultrafiltration system and compliance
with the IEC 60601-2-16 standard recommendations. The
median values +/ IQR are within +/- 15 ml/h with respect
to the setpoint. Further, Table 2 shows that in all configura-
tions the percentage error of the overall net ultrafiltration
rate is always less than 2%, with a standard deviation ¢
within the range 5+ 12 ml/h. These results demonstrate a
slightly higher accuracy in the SCUF platform compared to
the CVVH platform and a lower variability of net ultrafiltra-
tion values, meaning a better precision in terms of net fluid
removal trend over treatment time.

3.2 “Invitro” test

The “in vitro” tests of the developed ultrafiltration system
were carried out on the hemofiltration line of CO2RE-
SET device (Eurosets Srl, Medolla) with a high flux
hemofilter (Sup=1.2 m?, Kuf=55 ml/h/mmHg, blood
flow range =50-200 ml/min). Bovine blood samples
(HCT =32%) were used for the tests. Two treatment ses-
sions were performed, setting the desired net ultrafiltration

Fig.6 Net fluid removal trends
related to functionality tests on
SCUF platform for each tested
configuration. UFR = net Ultra-

rate and the overall net fluid removal target, based on which
the expected treatment duration was estimated. For the first
session, the net ultrafiltration rate was set to 100 ml/h, with a
weight loss target of 600 ml. For the second session, the net
ultrafiltration rate setpoint was 300ml/h, with a weight loss
target of 1800 ml. In both cases, the estimated treatment time
resulted to be 6 h. In the first 3 treatment hours an isolated
ultrafiltration treatment was performed, with the replace-
ment line disabled. In the following 3 h, the replacement
line was enabled with a reinfusion flowrate of 600 ml/h.
The hemofiltration line pump flowrate was kept within the
functional range of 150-200 ml/min. In both sessions the
target weight loss was reached in the estimated time (6 h)
and net fluid removal trend was always consistent with
the expected one (Fig. 8). Indeed, the regression analysis
results in an R? of 0.99, with a mean error (+/- 95% CI) of
-1 (-22-19) ml at 100 ml/h, and —2 (-10-6) ml at 300 ml/h.
The results in Table 3 and the box plots in Fig. 8 show that
the net ultrafiltration rate was always kept consistent with
the setpoint. In the 100 ml/h test, the overall net ultrafiltra-
tion value (mean +/- standard deviation) is 99+4/-31 ml/h
with a percentage error of less than —2%. In the 300 ml/h
test, the overall net ultrafiltration (mean +/- standard devia-
tion) is 299+/-27 ml/h with a percentage error of less than
—1%. The median values (IQR) of the distribution boxes are
respectively 96(69-120) ml/h and 300 (288—312) ml/h. The
IQR ranges highlight a greater variability of the values in

Net fluid removal vs Expected

SCUF platform

filtration rate (ml/h). The trends s00 EXpeCtEd
show the measured values i
(colored bullets) compared to 4 UFR=60m I/ h “‘
the expected ones (black lines) UFR=100 ml /h ““‘
400 ¢°
_ = UFR=150 ml/h ‘,«'
e

s e UFR=200 ml/h o

©

2 300 & UFR=500ml/h o

£ “‘,:‘

4

o

S 200 ‘o"“ -

Y= $ .,“.‘.’.

g ’A/‘ 0“"‘.

gt

L ] =
.o"“... N b
o .
100 ......n': L T
- s N
@

iR a s hhbhdhaihd

L s 2 A A A dAAAARAAAAS
ad b -AAAASEES
o AAAAAASSEE

20 30 40 50 60
Treatment time (min)

@ Springer



166

Health and Technology (2023) 13:155-170

a)
200
150
100
50

Median(IQR)

b) 250

200
150
100

50

Median (IQR)

c)

300
250
200
150
100

50

Median (IQR)

d) 350

300
250
200
150
100

50

Median (IQR)

e) 650
600
550
500
450
400
350

Median (IQR)

@ Springer

60 (55-65)

SCUF platform — set UFR=60 ml/h

— - =Safety range

X Mean

60 (60-65)

— - =Safety range

X Mean

102 (96-108)

102 (96-102)

SCUF platform — set UFR=100 ml/h

96 (90-102)

— . =Safety range

i 5 S5 X Mean

Test 1

150 (144-150)

Test 1
197 (186-198)

Test 1

492 (480-498)

Test 2

150 (150-150)

SCUF platform — set UFR=150 ml/h

Test 2
192 (186-198)

SCUF platform — set UFR=200 ml/h

Test 2

486 (462-498)

SCUF platform — set UFR=500 ml/h

Test 3

150 (144-150)

— . =Safety range

X Mean

Test 3
192 (186-198)

— - =Safety range

X Mean

Test 3

486 (462-498)



Health and Technology (2023) 13:155-170

167

«Fig.7 Boxplots diagrams related to functionality tests on SCUF
platform for each tested configuration. UFR =net Ultrafiltration rate
(ml/h). The diagrams show the distribution of sliding average net
ultrafiltration values (netUFR). The mean, the median value and the
interquartile range (IQR) within first and third quartiles are reported.
The safety range (red dashed lines) is that recommended by the EN
60601-2-16 standard (4/-100 ml/h with respect to the setpoint). For
each net ultrafiltration rate (UFR) setpoint three test results (Test 1,
2, 3) are reported. a UFR =60 ml/h, b UFR =100 ml/h, ¢ UFR =150
ml/h, d UFR =200 ml/h, e UFR =500 ml/h

the 100 ml/h test. The distribution boxes show that during
treatment sessions the netUFR ultrafiltration rate values was
always compliant with the safety range recommended by the
IEC 60601-2-16 standard.

4 Discussion

In this work a system for the regulation of net ultrafiltra-
tion rate was presented, which is suitable for convective
continuous renal replacement therapy (CRRT) applications
as slow continuous ultrafiltration (SCUF) and continuous
veno-venous hemofiltration (CVVH). The solution consists
of a motorized clamp on the hemofilter effluent line and it
is proposed as an alternative to the peristaltic pump, which
is the state-of-the-art approach for CRRT devices.

The clamp opening is modulated through a closed loop
control system based on real-time measurement of the
amount of ultrafiltrate product and any fluid replacement
infused, thanks to the use of weight scales on collection
bags. The ultrafiltration mechanism, activated only when
the pinch-valve is opened, is guided passively by the pres-
sure drop on the effluent line. The water column creates the
transmembrane pressure gradient needed to remove plasma
water, thus avoiding the use of a dedicated pump.

The first evidence from functionality test is the high
repeatability of the results, which suggests the reliability
of the ultrafiltration system. Regardless of the net ultrafil-
tration rate set point, the ultrafiltration coefficient of the
hemofilter (Kuf), the presence of the reinfusion line and
the fluid viscosity, the net fluid removal trend followed the
expected one with high agreement. Further, in all test condi-
tions the set ultrafiltration rate was kept consistently. These

high performances were supported by “in vitro” tests with
blood samples, and for both the ultrafiltration rate setpoint
(100, 300 ml/h) the patient’s target weight loss (overall net
fluid removal) was reached in the estimated treatment time
(6 hours). On the SCUF platform, the system resulted to
be more precise than the CVVH one, with smaller fluctua-
tions in sliding average net ultrafiltration rate values over
treatment duration. The net fluid removal trend was highly
correlated to the expected one, with a negligible mean
error on all the sampled values. Under the same treatment
conditions, i.e., with the reinfusion line disabled (isolated
ultrafiltration) on the CVVH platform, a “stepped” behav-
ior of net fluid removal trend for low ultrafiltration rates
(100-150 ml/h) was observed. This effect was found to
decrease progressively with the increase of ultrafiltration
setpoint, until disappearing at the maximum rate of 500
ml/h. With the reinfusion line enabled on the CVVH plat-
form, the stepped effect was not shown for any of the tested
setpoints. These results can be explained if we consider
that, as an intrinsic characteristic of the developed system,
the hydrostatic pressure exerted by the water column on the
effluent line depends only on the ultrafiltration line-height
distance. Since the height is the same in both platforms,
with the same driving force across the hemofilter mem-
branes the ultrafiltration rate is only affected by the perme-
ability characteristics of the hemofilter. Therefore, on the
CVVH platform the ultrafiltration process is expected to
be faster than the SCUF, due to the larger surface area and
a higher ultrafiltration coefficient of the hemofilter (“high-
flux” vs “low-flux”). This implies that for low ultrafiltra-
tion setpoints, at each clamp opening the excess weight loss
compared to the target was higher than on the SCUF plat-
form, as demonstrated by the mean error data reported in
Tables 1 and Table 2. However, the error was compensated
by the software algorithm by keeping the clamp closed in
the next cycles, causing a stepped weight loss. In the pres-
ence of a replacement line, the error was also compensated
by continuous fluid re-infusion, so the stepped effect did
not occur. The excess weight at pinch-valve opening also
explains the greater fluctuations of sliding average ultrafil-
tration rate in CVVH platform.

Despite the variability, in all the conditions the system
complies with the recommendations of the IEC 60601-2-16

Table 2 Functionality test:

UFR setpoint (ml/h) 60 100 150 200 500
SCUF platform results
Mean + SD (ml/h) 60+5 99+7 149+7 199+6 498 +12
Final Error (%) 0,12 -0,66 -0,36 -0,78 -0,50
Net fluid removal vs. Expected
R? 0,99 0,99 0,99 0,99 0,99
Mean error 0 -0.81 -0.67 -0.65 -2.36
95% CI) (-1.78, 1.78) (-7.89, 6.27) (-2.74,1.41) (-2.82,1.52) (-8.04,3.32)
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Table 3 “In vitro” test: CVVH platform results

UFR setpoint (ml/h) 100 300

Mean + SD (ml/h) 99 +31 299+27
Final Error (%) -1.42 -0.27

Net fluid removal vs. Expected

R? 0,99 0,99

Mean error -1.30 -2.20

(95% CI) (-21.82,19.12) (-10.32, 5.90)

standard, as the values remain largely within the recom-
mended safety range of +/- 100 ml/h with respect to the
desired setpoint. This safety limit on the standard was estab-
lished on the basis of clinical experience on devices for
hemofiltration with net fluid removal and given as param-
eter to be considered for manufacturers. Therefore, the full
compliance with the standard implies that the efficiency of
the developed system is in line with hemofiltration devices
in medical industry and it has prerequisites for clinical use.

Further, due to intrinsic implementation features the sys-
tem may overcome some limitations related to roller pumps
with potential benefits. One of the main drawbacks of peri-
staltic pumps is that the flow rate is maintained even with
an increase in preload resistance [28, 29]. Therefore, when
the hemofilter resistance increases due to membrane fueling,
maintaining the ultrafiltration rate inevitably may cause an
increase in transmembrane pressure. For this reason, a pres-
sure sensor on ultrafiltration line is used as a monitoring
system in hemofiltration devices to prevent internal pres-
sures from reaching dangerous values for the integrity of
the filter [12]. In critical clogging conditions, continuous
operator intervention may be required to contain the pressure
increase, by reducing the ultrafiltration rate or flushing the
filter [21]. A rupture of the filter membranes could in fact
lead to a premature interruption of the treatment, resulting
in patient blood loss. In the proposed solution there are no
active forces on the ultrafiltration line, but the ultrafiltration
process is driven by the small and constant gravitational
force, reducing stress on filter fibers. As hemoconcentration
progresses during treatment, the membrane fueling can be
compensated by increasing the opening times of the clamp
to reach the fluid removal target with no excessive strain,
preserving the integrity of the membrane fibers and thus
potentially extending the filter’s functional life. In severe
clogging conditions, where the compensation mechanism
is no longer sufficient, treatment could be continued at a
lower ultrafiltration rate, avoiding premature interruptions.
As mentioned by IEC 60601-2-16 standard [27] an ultrafil-
tration rate below the setpoint is not considered a hazardous
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situation for the patient. Therefore, continuing treatment at
lower rates may be a good compromise to maintain the clini-
cal benefit of ultrafiltration.

The system may also offer a greater control over trans-
membrane pressure, as it acts only during opening phase of
the clamp. Therefore, the transmembrane pressure value is
not a critical functional parameter and there is no need to
use a pressure sensor for monitoring. This solution implies
some advantages in terms of usability and costs reduction.

The use of a single open/closed pinch-valve instead of a
group of components (pump and pressure sensor) is cheaper
and simpler by construction and also the tubing set is simpli-
fied. The circuit setup procedure is therefore easier for the
user, as it consists only in the insertion of the tube in the
pinch-valve housing instead of the mounting of the sub-pump
section and the pressure sensing system. Further, a pressure
sensor must be periodically calibrated by the user and a
peristaltic pump needs periodic cleaning. This maintenance
intervention are not necessary with the use of a pinch-valve.
The clamp system is also extremely noiseless compared to
a peristaltic pump: this aspect may be significant for CRRT
therapies in which long-term treatments are performed and
the device is kept close to the critically ill patient. All these
advantages are not at the expense of safety. The absence of
transmembrane pressure sensing does not prevent to monitor
filter clogging phenomena, which can be detected using the
weight variation data of the ultraflitrate collection bag.

This work has some limitations that could be overcome
with further studies or developments. In the current modula-
tion algorithm, only two opening percentages (0-100%) are
used, leading to intermittent ultrafiltration. The algorithm
could be further developed with a finer adjustment of the
opening percentage, taking advantage of the entire opening
range available. Partial clamp openings and a gradual adjust-
ment could lead to a greater control over the ultrafiltrate
production and therefore to a greater accuracy of the system.
This solution could improve the stepped effect observed with
small ultrafiltration setpoints in CVVH platform. Moreover,
the system could be tested in the future also for diffusive
CRRT modalities, that is in presence of a countercurrent
dialysate in the effluent compartment of the hemofilter.

In conclusion, in this work a pump-free ultrafiltration
system for the regulation of the net ultrafiltration rate in
CRRT devices was presented. The results showed that it
is an effective alternative to the state-of-the-art solutions
with peristaltic pumps and may offer potential advantages
in terms of usability. The high efficiency and reliability of
the system and compliance with international regulations
for hemofiltration equipment in terms of safety suggest the
potential use in clinical practice.
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Fig. 8 Boxplots diagrams and Net fluid removal trends related to “in
vitro” tests on CVVH platforms at 100 ml/h and 300 ml/h. UFR =
net Ultrafiltration rate (ml/h); RFR = Replacement fluid infusion rate
(ml/h). a) The diagrams show the distribution of sliding average net
ultrafiltration values (netUFR). The mean, the median value and the

interquartile range (IQR) within first and third quartiles are reported.
The safety range (red dashed lines) is that recommended by the EN
60601-2-16 standard (+/-100 ml/h with respect to the setpoint). b)
The trends show the measured values (colored bullets) compared to
the expected ones (black lines)
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