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Chapter 1 Development and Clinical Importance of
Continuous Renal Replacement Therapy

(CRRT)

1 Overview and Development of CRRT

Continuous renal replacement therapy (CRRT) is a blood purification treatment that
continuously removes overloaded bodily fluids and excessive uremic toxins from the body
through slow and steady extracorporeal blood circulation." Compared with intermittent renal
replacement therapy (IRRT), which usually lasts for 3-4 hours, several times a week, CRRT
extends the treatment duration to 24 hours or a few days, fully simulating the continuity of renal
function. An adequate treatment duration can reduce the requirement for solute removal efficiency
per unit time, gently remove overloaded bodily fluids and excessive uremic toxins, minimize the
impacts of changes in blood volume and solute concentration on the body, stabilize hemodynamics,
and provide the homeostatic balance necessary in the treatment of critically ill patients.
Furthermore, the adoption of high-flux and biocompatible membrane built-in blood purification
devices (filters, hereafter) can improve the removal efficiencies of middle and high molecular
weight solutes, reduce inflammation in critically ill patients, and efficiently regulate immune
function. This chapter systematically describes the evolution of CRRT and the most advanced

applications that could improve treatment efficiency.

1.1 The Inception of CRRT

In 1960, Scribner et al. established the concept of continuous blood purification, which was a
treatment approach that continuously and slowly removed water and solutes for 24 hours.”®
However, specific clinical applications were not established because the basic principle of

extracorporeal blood circulation was not sufficiently understood at that time; there were also
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technical restrictions involving filters and devices. In 1967, Henderson et al. investigated the
mechanism of convective mass transfer in blood purification; the rate of solute removal would be
proportional to the applied pressure gradient and this could be adjusted to meet the needs of the
clinical situation.** In 1977, based on the previous pioneering theoretical studies, Kramer et al.
proposed continuous arterio-venous hemofiltration (CAVH) for patients with acute renal failure
who cannot be treated with IRRT.® In this method, the patient’s femoral artery supplied blood to
the filter, and the purified blood was returned to the patient through the femoral vein. The
difference in arterial and venous pressure was used as the driving force for extracorporeal blood
circulation; a significant transmembrane pressure (TMP) was created between either side of the
membrane, resulting in ultrafiltration. Because it was simple to operate, did not involve a blood
pump and circulation control system, and did not require skilled medical experts, CAVH was
frequently utilized in the intensive care unit (ICU); it was particularly useful for the treatment of
patients with water retention who did not respond to diuretics. The clinical application of CAVH
marked the emergence of a new blood purification technique, signaling the beginning of
extracorporeal treatment in the ICU and leading to rapid development in subsequent decades.

In 1983, Lauer et al. conducted a rigorous analysis of the technical characteristics and
therapeutic mechanisms of CAVH, further expanding the overall understanding of the concept of
CRRT.” Compared with IRRT, CAVH had advantages such as hemodynamic stability, as well as
slow and continuous solute removal; however, its ultrafiltration and solute removal capabilities
were limited. The ultrafiltration flow rate (Qur) of CAVH was 12-18 L/24 hr, the maximum daily
clearance of urea did not exceed 18 L/24 hr.2 Thus, in a patient with a mean urea concentration of
1 g/L, urea removal in 24 hours could not exceed 18 g. Low solute removal efficiency might result
in insufficient management of urea in patients with severe metabolic diseases, leading to treatment
failure. In 1984, Geronemus et al. reported the first use of a cellulose membrane dialyzer for
continuous arterio-venous hemodialysis (CAVHD).? They used a blood flow rate (Qg) of 100
mL/min and a dialysate flow rate (Qp) of 1 L/hr (= 16.7 mL/min). Because Qp was significantly
lower than Qg, the urea clearance (C_) was nearly equal to Qp; with a modest amount of
ultrafiltration, the daily clearance could be increased to 24-26 L/24 hr, which significantly

improved the removal efficiencies of low molecular weight solutes. In 1985, Ronco et al.



proposed continuous arterio-venous hemodiafiltration (CAVHDF) and applied it to multiple organ
dysfunction syndrome (MODS).® Using a combination of diffusion and convection, CAVHDF
slightly increased the removal efficiencies for low molecular weight solutes, while significantly
improving the removal efficiencies of middle and high molecular weight solutes. CRRT has

gradually gained worldwide recognition and has entered a stage of rapid development.

1.2 Technological Innovations in Vascular Pathways

To overcome the limitations of CAVH (e.qg., risks of bleeding, thrombosis, and infection, as
well as the inability to treat patients with severe hypotension), Bischoff et al. proposed continuous
veno-venous hemofiltration (CVVH) in 1979 to treat patients with acute renal failure after cardiac
surgery.™ CVVH utilized a dual vena cava catheter to establish a blood circulation pathway, a
blood pump to drive blood circulation, and a balance control system to monitor volume. Even in
poor cardiovascular conditions, CVVH was able to achieve considerable ultrafiltration and
efficient solute removal. The development of a vascular pathway from arterio-venous mode to
veno-venous mode significantly reduced the risk of vascular pathway-related complications and
improved treatment safety. With the development of dual vena cava catheters, blood pumps, and
ultrafiltration balance control systems in the late 1980s, CVVH rapidly replaced CAVH and

became the standard mode of treatment in the ICU.**™

In 1988, Tam et al. proposed continuous
veno-venous hemodialysis (CVVHD)." In 1993, Ronco reported clinical application of
continuous veno-venous hemodiafiltration (CVVVHDF).®® New treatment modes such as CVVH,
CVVHD, and CVVHDF have been derived from the initial CAVH involving the arterio-venous

pathway; all have been successfully used in clinical settings. CRRT has created a new system for

acute renal replacement therapy.

1.3 Expansion of the CRRT Concept

Nephrology and intensive care are independent specialties; the development of CAVH led to

the creation of a new medical specialty, critical care nephrology, along with parallel development



of blood purification technology in critical care medicine.!” In 1985, Wendon et al. proposed
continuous high-volume veno-venous hemofiltration (continuous HVHF) to improve
hemodynamics by increasing ultrafiltration volume.'® In 1993, Ronco et al. proposed continuous
high-flux dialysis (CHFD), which increased convection to compensate for insufficient removal
efficiencies of middle molecular weight solutes, resulting in urea daily clearance of 60 L/24 hr (=
41.7 mL/min) and inulin daily clearance of 36 L/24 hr (= 25.0 mL/min).”® In 1998, Tetta et al.
introduced continuous plasma filtration adsorption (CPFA) for the removal of inflammatory
mediators and endotoxins.?’ In addition to advancements in treatment modes, there has been
continuous evolution of high-flux and biocompatibility membranes for CRRT,** as well as blood
purification devices with precise volume balance control systems.?>?* The combined evolution of
these three factors (membranes, blood purification devices, and volume balance control systems)
has contributed to the maturation and advancement of the CRRT medical concept and related
technologies.

Prior to the 1990s, there was no standardized naming convention for CRRT. The first
International CRRT Academic Conference was held in 1995; the relevant terminology of CRRT
was standardized during that conference.”* The primary naming foundation for each treatment
mode is based on operational technique characteristics, with an emphasis on water and solute
removal mechanisms; it excludes specific filters, pipelines, and other components.”® Since the year
2000, clinical applications of CRRT have expanded beyond basic kidney replacement to include
sectors other than kidney disease. During the 9th International CRRT Academic Conference in
2004, Ronco et al. extended CRRT to multiple organ support therapy (MOST).? CRRT is now
commonly utilized in the treatment of acute kidney injury (AKI), MODS, systemic inflammatory
response syndrome (SIRS), sepsis, acute respiratory distress syndrome (ARDS), severe heart
failure, liver failure, metabolic acidosis, severe electrolyte abnormalities, toxin (drug) poisoning,
and other diseases. It has evolved into an essential support measure that facilitates the recovery of

various critically ill patients.
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2 Main Treatment Modes of CRRT

Through more than 40 years of clinical practice and technological innovation, CRRT has
developed from its initial basic concepts to encompass four core treatment modes and numerous

derivative treatment modes.

2.1 Four Core Treatment Modes

The four core treatment modes are categorized according to complexity as slow continuous

ultrafiltration (SCUF), CVVH, CVVHD, and CVVHDF (Table 1).7

Table 1. Comparison of treatment modes.

Treatment mode SCUF CVVH CVVHD CVVHDF
Qg [mL/min] 50-100 100-250 100-200 100-200
Qp [mL/min] - - 16.7-33.4 16.7-33.4
Qur [L/hr] 0.1-0.2 1-4 - 1-2
Qr [L/hr] - 0.9-3.8 - 1-1.8
Membrane permeability High High High High
Clearance for LMs - +4++ +++ +++
Clearance for MMs - +++ + +++
Solute removal mechanism Convection ~ Convection Diffusion Both

SCUF, slow continuous ultrafiltration; CVVH, continuous veno-venous hemofiltration; CVVHD,
continuous veno-venous hemodialysis; CVVHDF, continuous veno-venous hemodiafiltration; Qg,
blood flow rate; Qp, dialysate flow rate; Qur, ultrafiltration flow rate; Qg, replacement solution
flow rate; LMs, low molecular weight uremic toxins; MMs, middle molecular weight uremic

toxins; +, simplest; +++, most difficult.
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(1) Slow Continuous Ultrafiltration (SCUF)

SCUF mainly removes excess water through ultrafiltration (Figure 1).2 The Qg is usually set
at 50-100 mL/min, and no dialysate or replacement solution is required. A modest amount of
ultrafiltration is conducted with a Qur of 0.1-0.2 L/hr. SCUF has a low solute removal capacity
and is primarily used to correct bodily fluids overload. It is ineffective as treatment for solute

imbalance-related internal environmental disorders.

O = 50-100 mL/min
— SCUF —

J, Our = 0.1-0.2 L/hr

Figure 1. Principle of slow continuous ultrafiltration (SCUF).?*

Qg, blood flow rate; Qup, ultrafiltration flow rate.

(2) Continuous Veno-venous Hemofiltration (CVVH)

CVVH uses a dehydration pump to apply negative pressure from the outside of the hollow
fiber membrane, removing overloaded bodily fluids through ultrafiltration; this results in
convective removal of low and middle molecular weight solutes. Simultaneously, electrolyte
balance is maintained by supplementing the replacement solution without requiring dialysate
(Figure 2).** The Qg is often set at 100-250 mL/min, Qug is set at 1-4 L/hr, and the replacement
solution flow rate (QR) is set at 0.9-3.8 L/hr. There are two types of fluid replacement (alternately
called “dilution” or “substitution”) methods: pre-dilution and post-dilution. Pre-dilution is
equivalent to diluting the blood flowing into the filter, which can inhibit concentration polarization
and membrane fouling, decrease heparin dosage, and reduce the rate at which coagulation events
occur in the filter. However, pre-dilution has a lower solute removal efficiency, compared with
post-dilution, because it simultaneously dilutes the concentration of solutes in the blood, leading

to a reduced concentration gradient.
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Op = 100-250 mL/min l Ox=0.9-3.8 L/hr
— CVVH —

J' Our = 1-4 L/hr

Figure 2. Principle of post-dilution continuous veno-venous hemofiltration (post-dilution
CVVH).24 Qg, blood flow rate; Qur, ultrafiltration flow rate; Qg, replacement solution

flow rate.

(3) Continuous Veno-venous Hemodialysis (CVVHD)

CVVHD uses a blood pump to drive blood circulation, and dialysate flows outside of the
hollow fiber membrane counter currently or in the opposite direction relative to blood flow
(Figure 3).2* The concentration gradient on either side of the hollow fiber membrane is the driving
force, and solutes are mainly removed by diffusion. The Qg is often set at 200-200 mL/min, and
Qp is set at 16.7-33.4 mL/min. Because the Qp is substantially lower than the Qg, the C_ is nearly
equal to Qp; this facilitates a complete blood-dialysate concentration balance. Compared with
CVVH, CVVHD causes less stress on the membrane, is less likely to cause pore blockage, and
does not require replacement solution. CVVHD has excellent removal performance for low
molecular weight solutes but is inferior to CVVH in the removal performance of middle molecular

weight solutes. CVVVHD is more appropriate for AKI patients with severe catabolic problems.

Oy = 100-200 mL/min
> CVVHD —

Voo

Op=16.7-33.4 mL/min

Figure 3. Principle of continuous veno-venous hemodialysis (CVVHD).*

Qg, blood flow rate; Qp, dialysate flow rate.
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(4) Continuous Veno-venous Hemodiafiltration (CVVHDF)

CVVHDF combines the diffusion features of CVVHD with the convective properties of
CVVH, thereby improving the removal efficiencies of low molecular weight solutes while
effectively removing middle molecular weight solutes with molecular weight of 30-40 kDa
(Figure 4).2 The Que is typically restricted to 2 L/hr. Compared with CVVHD and CVVH,
CVVHDF allows more accurate management of bodily fluids, electrolytes, and acid-base balance;
improves tissue oxygen metabolism; improves respiratory function by minimizing pulmonary
interstitial edema; and provides adequate nutritional support. CVVVHDF is the most effective

treatment approach for MODS.?

Qg = 100-200 mL/min lQR= 1-1.8 L/hr
—— CVVHDF —

! !

Op+ Ox + Our Op=16.7-33.4mL/min
(Qup = 1-2 L/hr)
Figure 4. Principle of post-dilution continuous veno-venous hemodiafiltration (post-dilution
CVVHDF).* Qg, blood flow rate; Qp, dialysate flow rate; Qu, ultrafiltration flow rate;

Qr, replacement solution flow rate.

2.2 Important Derivative Treatment Modes

Critically ill patients frequently have severe metabolic imbalances, which cause a sustained
increase in the levels of systemic inflammatory mediators. Important treatment modes such as
continuous HVHF, CHFD, and CPFA have been derived to improve the removal efficiencies of
inflammatory mediators. In clinical practice, the most appropriate CRRT mode is selected based

on the severity of the patient’s condition, as well as the underlying causes.

14



(1) Continuous High-Volume Veno-venous Hemofiltration (Continuous HVHF)

Continuous HVHF is a CVVH derivative mode that can be implemented in two ways: either
maintain Qur at 3—4 L/hr and receive standard CVVH, or maintain standard CVVH overnight but
use a Qur of 6-8.4 L/hr during the day to achieve a total ultrafiltration volume of 60-100 L/24
hr3° A substantial amount of ultrafiltration in continuous HVHF requires the use of high-volume
filters with membrane areas of 1.6-2.2 m>. Compared with standard CVVH, continuous HVHF
allows more effective removal of inflammatory mediators; it is appropriate for the management of

sepsis and septic shock.®

(2) Continuous High-Flux Dialysis (CHFD)

CVVHD has high removal efficiencies for low molecular weight solutes but low removal
efficiencies for middle molecular weight solutes. CVVHDF requires a considerable amount of
replacement solution. CHFD was created as a derivative mode of CVVVHD that combines the
benefits of CVVHD and CVVHDF, ensures appropriate convection and diffusion intensities, and
reduces the amount of replacement solution.** CHFD consists of a CVVVHD system and a dialysate
volume control system.* Two pumps are used to manage the ultrafiltration process. The first
pump transports the heated dialysate into the filter; the second pump regulates the outlet flow of
the dialysate, thereby controlling ultrafiltration. Compared with CVVHD and CVVHDF, CHFD
provides more effective control of ultrafiltration and convection without using replacement

solution, thereby improving the removal efficiencies of middle and high molecular weight solutes.

(3) Continuous Plasma Filtration Adsorption (CPFA)

CPFA is a combination treatment mode that comprises adsorption and standard CRRT. Whole
blood is separated by a plasma separator; the separated plasma is perfused into an immune
adsorbent, then recombined with blood cells and pumped into a high-flux filter.** The Qg is often

set at 50-200 mL/min, and no replacement solution is required. Compared with CVVHD, CPFA
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can improve hemodynamics in critically ill patients by maintaining balance among bodily fluids,
electrolytes, and acid-base interactions, while efficiently removing inflammatory mediators,
endotoxins, and activated complement; thus, it regulates the body’s immune system and improves

survival.**

3 Clinical Benefits of CRRT

The primary clinical benefits of CRRT include maintaining metabolic stability, reducing
fluctuations in osmotic pressure, maintaining stable hemodynamics, providing continuous and
stable bodily fluids management, facilitating nutritional support, and removing inflammatory

mediators, all of which improve the prognosis of critically ill patients.

3.1 Maintenance of Balance Among Bodily Fluids, Electrolytes, and Acid-Base

Interactions

The Qg of IRRT is often set at 200-250 mL/min, whereas the Qp is set at 500-800 mL/min.
Although IRRT can remove large amounts of bodily fluids and solutes in a short period of time,
rapid changes in water and solute concentrations often cause a sudden drop in blood pressure. In
critically ill patients, severe disease often hinders independent volume regulation and causes poor
tolerance to volume variations. Small imbalances in bodily fluids can aggravate electrolyte and
acid-base abnormalities, resulting in acute pulmonary edema, brain edema, and other conditions.
Furthermore, the intermittent nature of IRRT can lead to “non-physiological” increases in toxins
such as urea and creatinine, generating significant oscillation in the internal environment.* In
contrast, CRRT fully mimics the continuous filtration function of glomeruli; it avoids significant
variations in electrolyte and acid-base balance by adjusting treatment parameters and the
compositions of dialysate and replacement solution, thus maintaining better adherence to
physiological conditions. A study comparing intermittent hemodialysis (IHD) and CVVHD
showed that the mean urea level during IHD was 2.1 g/L, whereas the mean concentration during

CVVHD significantly decreased and could be maintained at 1.4 g/L.*® Additionally, when serum
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sodium concentrations decline below 105 mmol/L, the mortality rate can reach 60% among
patients with acute hyponatremia. Sodium imbalance correction requires an increase or decrease in
bodily fluids volume. After 48 hours of CVVH, patients with clinically confirmed severe acute
hyponatremia displayed a significant increase in serum sodium concentration from 100.9 mmol/L

to 140.3 mmol/L.*’

3.2 Hemodynamic Stability

Dialysis hypotension is one of the most common and serious complications in IRRT,
affecting 20%-50% of patients; it can lead to cessation of therapy in up to 5% of patients.? %
These outcomes arise because large amounts of water and solutes are removed in a short period of
time, resulting in reductions of plasma refilling rate and venous volume, as well as a decrease in
plasma osmotic pressure that exceeds standard compensatory mechanisms.*® Some patients are
susceptible to decreased sympathetic nerve tone, which leads to a decrease in arteriolar resistance,
an increase in the transmission of pressure to veins, and a corresponding increase in venous
volume. When blood volume is low, an increase in venous blood volume reduces cardiac filling
and cardiac output, eventually causing hypotension. Repeated episodes of transient hypotension
during dialysis can cause renal ischemic damage, thereby increasing the risks of heart disease and
other complications associated with poor prognosis. Based on clinical symptoms, CRRT can
promptly adjust bodily fluids balance, stabilize the renin—angiotensin system, improve the body’s
response to vasoactive substances, maintain proper organ perfusion, and stabilize extracellular
fluid osmotic pressure; thus, it maintains hemodynamics, reduces the incidence of dialysis
hypotension, and protects residual renal function, along with the functions of other organs.*>*
Manns et al. observed that 27 AKI patients undergoing IHD displayed a 50% decrease in urine
output after treatment, whereas 16 CVVHD patients displayed a 10% decrease.*? Another study

showed that arterial pressure decreased by 6 mmHg during IHD, whereas it decreased by 2 mmHg

during CVVHD.*
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3.3 Regulation of Volume Load and Provision of Adequate Nutritional Support

When intravenous fluids, blood products, parenteral nutrition, or other supportive
medications are administered to critically ill patients, the kidneys cannot reliably maintain bodily
fluids balance; thus, volume overload occurs and the organ function may be impaired.* There is a
complex interaction between volume overload severity and mortality risk. CRRT is unique in that

it intervenes at three levels of humoral control.*5™*

The first level of control involves calculating
the Qur through estimation of the requirement for bodily fluids removal within 24 hours. Although
this is similar to IRRT, the treatment duration differs. For example, the removal of 3 L of water
during 4-hour IHD requires a Qur of > 12.5 mL/min. Rapid dehydration can readily cause dialysis
hypotension and limit dehydration volume. To achieve equivalent removal efficacy via continuous
24-hour CRRT, the Qur must reach 2.1 mL/min. The second level of control involves exceeding
the hourly ultrafiltration volume above the intake value and achieving net bodily fluids balance via
supplementation with replacement solution. This continuous treatment provides nearly unlimited
drainage options. At any time, the bodily fluids status can be adjusted to net positive, net negative,
or balanced, which helps to remove tissue edema, improve oxygen metabolism, and achieve
bodily fluids balance in the body. The third level of control involves maintaining a stable
hemodynamic condition with parameters such as central venous pressure, pulmonary artery wedge
pressure, and mean arterial pressure, while ensuring the required hourly net bodily fluids balance.
CRRT can achieve a high ultrafiltration volume with a Qur of > 50 L/24 hr; the ultrafiltration
volume is equivalent to the overall bodily fluids volume of an average-sized adult. A high-capacity
load control capability can ensure adequate nutritional support. Bellomo et al. compared 84 AKI
patients undergoing IHD with 83 patients undergoing CRRT; they found that the prescribed
nutrition was received by 90% of the CRRT patients and 54% of the IHD patients.*” McDonald et
al. observed that IHD patients ingested 77% of the prescribed protein mass each day, whereas
CRRT patients consumed 12% more protein mass than prescribed.”® To compensate for poor
removal volume, parenteral nourishment is frequently limited during IRRT, increasing the risk of
malnutrition. CRRT allows full nutrient input without concerns about volume overload,

facilitating more comprehensive nutritional support.*
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3.4 Removal of Waste Products and Re-establishment of Internal Homeostasis

Because of functional decline in organs such as the heart, lungs, and kidneys, the bodies of
critically ill patients accumulate large amounts of waste products and toxins that cannot be
effectively removed. Critically ill patients are susceptible to various internal environmental
disorders. Because solutes of interest differ in terms of molecular weight, distribution volume,
half-life, hydrophobicity, and other aspects, appropriate treatment approaches must be chosen
based on solute characteristics. For example, the blood of critically ill patients contains high
concentrations of water-soluble inflammatory mediators with anti-inflammatory and pro-
inflammatory effects, such as tumor necrosis factor (TNF)-«, interleukin (IL)-1, IL-6, and platelet
activating factor (PAF). Because inflammatory mediators exhibit synergistic, redundant,
autocatalytic, and self-enhancing properties, blocking or removing a single mediator cannot
effectively improve a patient’s condition. CRRT can continuously and non-selectively remove
inflammatory mediators by increasing convection (continuous HVHF) or via combination therapy
(CPFA), thereby effectively controlling the body’s immune system and rapidly re-establishing

immune homeostasis.**

4 Main Clinical Applications of CRRT

CRRT has two primary clinical applications: the treatment of kidney diseases (e.g., AKI or
other organ dysfunction), and the treatment of critically ill patients with non-renal damage (e.g.,

SIRS, sepsis, MODS, and toxin (drug) poisoning).

4.1 CRRT in the Treatment of Kidney Diseases
(1) Acute Kidney Injury (AKI)

AKI is defined as the loss of renal function in a short period of time. The clinical criteria are

a serum creatinine level that increases by > 3 mg/L within 48 hours or by > 50% from the baseline
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value, or a urine volume of < 0.5 mL/(kg Hr) persists for 6 hours; the duration of disease must not
exceed 7 days.” AKI can cause abnormal plasma concentrations of potassium, calcium,
phosphorus, and magnesium in serum, leading to various electrolyte homeostasis disorders.
Moreover, it can impair a patient’s capacity to metabolize fixed acids, induce metabolic acidosis,
and affect acid-base homeostasis; it can also cause high-volume load, hypertension, and systemic
inflammation, thereby affecting cardiac function and triggering a systemic oxidative stress
response.

Global population aging has led to increases in AKI incidence and mortality; thus, AKI is a
global public health problem.* AKI occurs in 5%-7% of hospitalized patients and 20%-50% of
ICU patients.® A multicenter study involving 40 ICUs across 16 countries showed that
approximately 70% of AKI patients undergo progression to MODS.>* Furthermore, according to
the Kidney Disease Improving Global Outcomes (KDIGO) meta-analysis published in 2013, the
mortality rate among adult AKI patients was 23.9%; the mortality rate among such patients
requiring kidney replacement therapy was 49.4%.%° For AKI patients with severe internal
homeostatic imbalances, CRRT can enhance solute removal efficiencies, prevent additional kidney
damage, and promote the recovery of renal and cardiac functions while preserving hemodynamics
and managing balance among bodily fluids, electrolytes, and acid-base interactions. Thus, CRRT

is the preferred method for treatment of AKI.>®

(2) AKI with Cerebral Edema

AKI with brain edema can be caused by brain trauma, severe surgery, or other factors.
Because plasma osmotic pressure rapidly decreases, IRRT is likely to increase osmotic pressure in
brain tissue, allowing water to enter the brain tissue and causing dialysis imbalance syndrome;
therefore, IRRT cannot be utilized to treat AKI with cerebral edema. The increase in intracranial
pressure is also related to a rapid decline in mean arterial pressure during therapy, which results in
decreased cerebral perfusion pressure. This scenario can only be managed by utilizing high-
sodium, low-temperature dialysate and minimizing blood volume changes, which are challenging

objectives for IRRT. During CRRT, the initial sodium ion concentration of the replacement
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solution can be set to > 140 mmol/L, and treatment can begin at a low dose of 1 L/hr.%” Slow
changes in blood urea nitrogen levels and low molecular weight solutes help to maintain a positive
sodium balance in the body and decrease the impact on intracranial pressure; the replacement

solution flow rate can be gradually increased when the patient’s condition has stabilized.

4.2 CRRT in the Treatment of Non-renal Diseases

(1) Sepsis, Severe Sepsis, Septic Shock, and Multiple Organ Dysfunction Syndrome

(MODS)

Critical illness caused by severe trauma, infection, hemorrhage, shock, and other causes
typically progresses through six stages (severe injury, SIRS, sepsis, severe sepsis, septic shock,
and MODS) prior to mortality. Endogenous immune inflammatory mediators are produced when
the body is exposed to exogenous injury or infection, triggering the initial inflammatory response.
In critically ill patients, SIRS can develop because of diminished compensatory anti-inflammatory
mediator capacity and metabolic dysfunction. Excessive inflammatory response activation causes
a loss of control regarding the reaction mechanism, leading to the cascade-like release of
inflammatory mediators such as TNF-a, IL-1, and IL-6 that can directly impair immune function.
Simultaneously, excessive inflammatory mediators entering multiple circulatory systems can
cause damage to endothelial cells and parenchymal cells throughout the body. The pathological
stage of sepsis develops when pathogenic microorganisms (e.g., bacteria) invade the body and
cause serious endogenous infections. Severe sepsis is characterized by organ malfunction,
inadequate tissue perfusion, or hypotension. Irreversible septic shock involves persistent
hypotension and hypoperfusion that cannot be corrected by sufficient fluid resuscitation and
vasoactive drug intervention; affected patients display worsening organ dysfunction and
subsequent progression to MODS, a clinical syndrome characterized by the simultaneous or
sequential of two or more organs or systems, a complex and dynamic inflammatory process that
indicates the patient’s condition has become extremely severe.”

Sepsis occurs in more than 50% of ICU patients; the corresponding mortality rate increases
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with age, from 10% in infants to 38.4% in patients aged > 85 years.>® Severe sepsis and septic
shock have mortality rates of 50% and 68%, respectively.® Although the imbalance between anti-
inflammatory and pro-inflammatory mediators in a patient’s body is the underlying cause of
clinical worsening, the excessive production of both anti-inflammatory and pro-inflammatory
mediators is difficult to control; the complex immune responses generated by these mediators can
limit the effectiveness of many treatment methods. CRRT can effectively remove inflammatory
mediators, endotoxins, lymphatic factors, and other factors from blood; reduce the peak blood
concentrations of anti-inflammatory and pro-inflammatory mediators; control the imbalance
between inflammatory responses and immunosuppressive mechanisms; improve endothelial cell
dysfunction; re-establish immune homeostasis; and improve cardiovascular function by interfering
with the expression of myocardial inhibitory factors and endothelin.®® Furthermore, CRRT can
improve hemodynamics, restore arterial wall tension, correct vascular paralysis in sepsis, reduce
pulmonary vascular resistance, and enhance hepatic perfusion, thereby minimizing the dosages of
vasopressors (e.g., dopamine and norepinephrine) during the treatment process. Zhang et al.
demonstrated that after 72 hours of CVVVH, the plasma concentrations of IL-1, IL-2, and IL-10 in
sepsis patients dramatically decreased.®? Smaller decreases in the concentrations of I1L-6 and TNF-
o. were also observed; patient prognoses significantly improved after the removal of excessive
inflammatory mediators. Additionally, Cole et al. prospectively investigated the impacts of HVHF
and CVVH on hemodynamics in patients with sepsis and MODS in a randomized controlled

trial %

After treatment, mean arterial pressure, central venous pressure, and cardiac index
remained within target ranges; patients undergoing HVHF showed significant decreases in the
concentrations of TNF-a and IL-6, whereas patients undergoing CVVH showed significant

decreases in the concentrations of complement factors (e.g., C3a and C5a).

(2) Acute Respiratory Distress Syndrome (ARDS)

ARDS is characterized by widespread destruction of pulmonary capillary endothelial cells
and alveolar epithelial cells as a result of severe trauma, infection, or major surgery; these changes

lead to fluid accumulation in the alveoli and pulmonary interstitial edema. Because the lungs are
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unable to inhale an adequate amount of air, oxygen entry into the blood is diminished; patients
experience increasing respiratory discomfort, persistent hypoxemia, and other symptoms. Prior to
the clinical application of CRRT, ARDS-related mortality approached 100% in patients with AKI.
CRRT alleviates local inflammatory reactions in the lungs by removing pathogenic inflammatory
mediators and reducing pulmonary capillary permeability; in addition to allowing water in
pulmonary interstitial tissue to re-enter the blood, these changes reduce interstitial edema and
improve cardiopulmonary function.** CRRT also corrects acid-base imbalances by adjusting the
input speed and concentration of bicarbonate in displacement fluid and modifying bicarbonate-
induced alkalization to alleviate hypercapnia. Furthermore, CRRT can rapidly alleviate symptoms
of hyperthermia and hypermetabolism in patients with ARDS by using a large amount of low-
temperature replacement solution to reduce basal metabolic rate, oxygen consumption, and gas
exchange; this alleviation reduces CO, production, protects lung function, and avoids ventilation

device-related lung injury.®*

(3) Toxin (Drug) Poisoning

Toxins (drugs) with a large distribution volume in the body (e.g., organophosphorus
pesticides, rodenticides, and sleeping pills) are subjected to a secondary distribution mechanism
during absorption. They are initially absorbed into the bloodstream, then rapidly transported to
tissues. Toxins (drugs) in tissues undergo continuous transfer back into the bloodstream, causing
the toxin (drug) concentration to rebound and illness to worsen. Yu et al. observed that
hemoperfusion combined with CRRT significantly lowered toxin concentrations and removed
TNF-0, IL-6, 1L-10, and other monocyte-derived cytokines during rodenticide poisoning.®® For
toxins (drugs) with a low relative molecular weight, a low protein-binding rate, and small
distribution volume (e.g., methanol and salicylic acid), IRRT initially provides therapeutic benefits
and can rapidly reduce the concentrations of toxins (drugs).®® However, because of its short
duration, IRRT is unable to continuously remove toxins and maintain long-term internal
environmental homeostasis. For critically ill patients with hemodynamic instability, CRRT can

inhibit blood concentration rebound and provide additional benefits.
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5 Conclusion

There has been considerable progress in the clinical and technological aspects of CRRT over
the last more than40 vyears of development. CRRT offers multiple benefits, including
hemodynamic stability, rapid re-establishment of homeostasis (e.g., involving electrolytes and
acids/bases), and facilitation of nutritional support. It is appropriate as treatment for patients with
renal failure, and it provides key support for multiple organ functions. It is important in the
treatment of critically ill patients in the ICU, particularly patients with AKI. Currently, there is
agreement regarding the need for CRRT in the treatment of critically ill patients; however,
engineering-related research concerning the removal mechanisms of CRRT is limited, and there is
no comprehensive system for evaluation of filter effectiveness and safety profile. There are also
many information gaps in the application of CRRT, such as optimization of filter performance. As
a continuously evolving medical technology, CRRT is expected to play a key role in critical care
medicine with advances in research and technological innovation, as well as progress in related

consumables.
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Chapter 2 CRRT Filter Performance: Key

Influencing Factors and Indicators

1 Filter Development

The extracorporeal blood circulation system consists of vascular pathways, filters, and blood
purification-related devices. The patient’s blood flows into the filter through a vascular pathway
and indirectly contacts countercurrent dialysate (an aqueous solution containing electrolytes, the
osmotic pressure of which is a little higher than the blood). Using the semipermeable membrane
principle of the hollow fiber membrane, the accumulated uremic toxins, excess ions, and water in
the patient’s blood are removed via diffusion, convection, and adsorption; beneficial plasma
proteins are retained in the blood. To rectify electrolyte and acid-base imbalances and stabilize the
internal environment, ions with low concentrations are substituted by dialysate or replacement
solution. Therefore, the most important component of the entire system is the blood purification
device that replaces the patient’s renal function that is called dialyzer (the treatment of HD),
hemofilter (the treatment of HF), diafilter (the treatment of HDF), etc. In this dissertation, we
hereafter name the device a “CRRT filter” for the treatment of CRRT because the principal
mechanism of mass transfer is “filtration” rather than “diffusion.”

In the early 1940s, the Kolff rotating drum dialyzer (developed by Willem Kolff) became the
first blood purification device used in a clinical setting.®” This device comprised a cellophane
tubular membrane (inner diameter, 35 mm; length, 30 m) spirally wrapped around a cylinder and
transversely inserted into a dialysate-containing tank (Figure 5(a)); the volume of dialysate
exceeded one-fourth of the inner diameter of the cylinder. The relatively low resistance of the
blood compartment allowed dialysis without a blood pump, but the low hydraulic permeability
with very low mechanical strength of the membrane severely limited ultrafiltration; additionally,
the maximum volume of the extracorporeal blood compartment was 500-700 mL. The second

device to gain widespread acceptance was the Coil dialyzer.?® This device comprised a cellophane
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mesh film (width, 15 cm; length, 4 m) wrapped around the inner wall of the cylindrical housing to
achieve high blood compartment pressure through a narrow blood channel; however, this
geometry produced a high TMP, hindering accurate control of ultrafiltration volume (Figure 5(b)).
Subsequently, a Standard Kiil dialyzer with a flat Cuprophan® membrane was developed; this
device separated the blood and dialysate in a layer-by-layer manner. Blood flowed between two
flat membranes, whereas dialysate flowed between the flat membranes and adjacent separating
plates in the opposite direction (Figure 5(c)).*® Although this design improved the efficiency of
diffusion mass transfer, the extracorporeal blood volume remained very large; tunnel effects in the
flow paths of blood and dialysate were likely to occur, hindering the maintenance of an equal flow
state. In the late 1960s, the introduction of the hollow fiber dialyzer (Figure 5(d)) enabled a
decrease in filter volume, reducing the demand for extracorporeal blood compartment capacity,
improving blood flow rheology, and significantly increasing dialysis efficiency.” Today, most

commercially available blood purification devices have hollow fiber structures.
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Dialysate outlet ‘ : 1 Dnalysate outlet
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(a) Kolff rotating drum dialyzer (1943) (b) Coil dialyzer (1956)
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'
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(c) Standard Kiil dialyzer (1960) (d) Hollow fiber dialyzer (1967)

Figure 5. Schematic diagrams of dialysis filters.”
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A hollow fiber device consists of a hollow fiber membrane bundle and a cylindrical housing.
The specifications of the hollow fiber membranes typically include an inner diameter (d) of 200—
300 um, membrane thickness (4x) of 20-45 um, and effective hollow fiber length (L) of 160-250
mm.”* Thousands of hollow fibers are bundled together. When the membrane comes into contact
with blood and becomes moist, d, 4x and L must remain largely unchanged; moreover, the
membrane material must be light and thin, with high porosity and good mechanical strength. The
combination of membrane performance and housing design determines the device effectiveness
and safety profile.

CRRT filters have evolved from hollow fiber dialyzers.”> However, because CRRT has a
much smaller Qp and a relatively larger Qg (still smaller than that in conventional HD), C_ is
limited by Qp, because C, never exceeds the smaller value of either Qg or Qp. Then CRRT filters
must be designed to meet Qg and Qp requirements in CRRT. To satisfy the continuous treatment
needs of CRRT, the CRRT filter must also efficiently remove low molecular weight proteins

(LMWP), while effectively inhibiting the loss of valuable proteins (e.g., alboumin).

2 Uremic Toxins and Removal Mechanisms

CRRT is an IRRT-based blood purification system that removes bodily fluids and uremic
toxins through the same mechanisms utilized in traditional IRRT: diffusion, convection, and
adsorption. Uremic toxins of various molecular weights require distinct removal mechanisms.
Uremic toxins with low molecular weights are primarily removed by diffusion, whereas toxins
with middle molecular weights and toxins with protein-binding properties are primarily removed
by convection or adsorption. Furthermore, removal mechanisms vary among CRRT modes.” For
example, CVVHD primarily relies on diffusion, CVVH relies on convection, CVVHDF relies on
both convection and diffusion, and CPFA relies on both convection and adsorption. Therefore, a
comprehensive understanding of the removal mechanisms of various treatment modes, as well as a
thorough investigation of the roles of various factors that affect these mechanisms, can provide

key insights concerning the optimal treatment mode for patients in various clinical contexts.
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2.1 Uremic Toxins

Chronic or acute renal failure can create large amounts of metabolic waste in the body,
disrupt homeostatic balance, cause progressive physiological dysfunction in various systems, and
eventually lead to death. Uremic toxins are metabolic waste products produced as a result of renal
failure. Uremic toxins are classified into three categories according to their physicochemical
characteristics and removal modes, as well as clinical outcomes and quality of life indicators
(Table 2).>™ Low molecular weight uremic toxins (LMs) are water-soluble toxins with a
molecular weight of < 0.5 kDa; examples include urea (MW = 60 Da), creatinine (Cr, MW = 113
Da), and phosphate (P, MW = 228 Da). Middle molecular weight uremic toxins (MMs) are water-
soluble toxins with molecular weights ranging from 0.5 to 58 kDa; examples include vitamin By,
(VB12, MW = 1355 Da, although this is not a toxin), f>-microglobulin (8,-MG, MW = 11.8 kDa),
and myoglobin (MB, MW = 16.7 kDa). Protein-bound uremic toxins have a molecular weight of <
0.5 kDa, but their high protein-binding rate leads to greater overall molecular weight and difficulty
with removal during blood purification; examples include indoleacetic acid (IS, MW = 213 Da)

and homocysteine (Hcy, MW = 135 Da).

Table 2. Categories of uremic toxins.

Class MW Biomarker
Urea (60 Da);
LMs Small molecules <0.5kDa Cr (113 Da);
P (228 Da)
oy VB12 (14 kDa),
Small-middle molecules 0.5-15 kDa £,-MG (11.8 kDa)
MMs Medium-middle molecules 15-25 kDa MB (16.7 kDa)
Large-middle molecules 25-58 kDa A free light chains (45 kDa)
Protein-bound IS (213 Da);

Protein-bound molecules  Mostly < 0.5 kDa

uremic toxins Hcy (135 Da)

MW, molecular weight; LMs, low molecular weight uremic toxins; MMs, middle molecular
weight uremic toxins; Cr, creatinine; P, phosphate; VBi,, vitamin Bi,; £>-MG, S,-microglobulin;

MB, myoglobin; IS, indoxyl sulfate; Hcy, homocysteine.

29



2.2 Removal Mechanisms

(1) Diffusion

Diffusion is a mass transfer process in which a solute transfers across a semipermeable
membrane from a high concentration to a low concentration, eventually producing the same
concentration on both sides of the membrane (Figure 6).” The driving force of diffusion is the
concentration gradient. Thus, a greater difference in solute concentration on either side of the
dialysis (semipermeable) membrane facilitates solute diffusion through the membrane and
subsequent removal; a smaller difference in solute concentration hinders removal.

During the diffusion mass transfer process, solute transfer is subjected to three layers of mass
transfer resistance (Figure 7): the overall resistance (R,) of a solute to diffusion mass transfer by
the filter is equal to the sum of the blood boundary layer mass transfer resistance (Rg), membrane
resistance (Ry), and dialysate boundary layer mass transfer resistance (Rp) (equation (1)).”® The
ratio of mass transfer resistance varies according to the removal of toxins with diverse molecular
weights (Figure 8).”” LMs have a smaller molecular radius than membrane pores; their mass
transfer resistance is largely concentrated on the blood-dialysate boundary layer and is limited by
the stagnant fluid layer in blood-dialysate flow paths. Therefore, the basic principle of improving a
filter’s diffusion removal performance involves minimizing the boundary layer effect of the
membrane. Enhancement of the Qg can increase wall shear force, may reduce Rg in some extent,
and extend the effective area of toxin contact with membranes. Enhancement of the Qp can
improve the dialysate flow state and increase the concentration gradient on either side of the
membrane, thereby augmenting diffusion mass transfer. Ry, and Ax are positively correlated;
therefore, a decrease in Ax can increase diffusion mass transfer. Furthermore, a decrease in d can
shorten the dispersion path length and improve diffusion removal efficiency. Because of
membrane constraints, the proportion of Ry, increases with increasing molecular weight; the

diffusion removal efficiency of MMs is limited in conventional (low to medium-flux) membrane.
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Figure 7. Diffusion mass transfer resistance.”® Rg, Ry, and Rp, resistances from the blood

boundary layer, the membrane itself, and the dialysate boundary layer, respectively;
Cg and Cp, solute concentrations on the blood side and the dialysate side, respectively;
and Cgy and Cpy, solute concentrations on the boundary layer of the blood side and

the dialysate side, respectively.

R0=R3+RM+RD (1)
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(2) Convection

Convection is a mass transfer process in which the solvent moves from the high-pressure side
to the low-pressure side of a semipermeable membrane under a gradient of osmotic or hydrostatic
pressure, and the solute also moves through the semipermeable membrane (Figure 9).”
Transmembrane pressure (TMP), the driving force of convection, is created by the pressure
gradient formed on either side of the membrane. Transmembrane ultrafiltration occurs when TMP
causes water in the blood to flow from the blood side to the dialysate side; specific molecular
weight solutes are also removed in this process.”

Membrane characteristics have a significant impact on convective removal performance.”
Key parameters influencing membrane characteristics include membrane pore size, porosity, pore
structure, maximum molecular weight rejection, and membrane surface charge. For a specific
membrane area, increases in membrane pore size and porosity can improve solute and hydraulic
permeabilities of the membrane. The effects of pore structure are more complex; pore length and
regularity can alter the molecular weight retention size, thereby influencing membrane filtration
performance. The membrane surface charge also has a significant impact because most plasma

proteins are larger than the membrane pore size and are intercepted by the membrane during
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ultrafiltration; these properties contribute to concentration polarization and membrane fouling.
Although concentration polarization and membrane fouling have distinct mechanisms of action,
both can cause an increase in the mass transfer resistance of the membrane, thereby reducing
convective mass transfer efficiency. A moderate negative charge on the membrane surface can
diminish the impact of the membrane on proteins, inhibiting concentration polarization and

membrane fouling.
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Figure 9. Convection mechanism.” LMs, low molecular weight uremic toxins; MMs, middle

molecular weight uremic toxins.

(3) Adsorption

Adsorption is the formation of microporous adsorbent structures according to the molecular
chemical structure and polarization of the adsorbent material, with distinct functional groups on
the surface. Because of intermolecular forces or interactions between positive and negative
charges, an adsorbent exhibits adsorption performance on specific solutes (Figure 10).” The
adsorption and removal efficiency of a filter for a specific solute can be improved in a targeted
manner by selecting a membrane with appropriate pore size distribution and adsorption
characteristics according to toxin molecular weight, chemical structure, and biological properties.
For example, hydrophobic groups on the surface of some membranes can selectively adsorb
proteins, drugs, and toxic chemicals (e.g., f>-MG, complement, and endotoxin); other membranes
exhibit antigens and antibodies on the surface, enabling the use of biological affinity to

specifically adsorb corresponding antibodies and antigens in the blood.

33



&y
‘e® Z::@ °
°
o . ¥ .
e T a@ . « LMs
® . F * | ®MMs
e . ._.? ° — Water movement
Ol . .
@ Adsorption site
A 4 /* v
Dialysate
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molecular weight uremic toxins.

3 Performance Evaluation Indicators

The core technical concept of blood purification involves the use of a blood purification
device to transfer and remove water, electrolytes, and solutes from the blood, then return the
purified blood to the human body to ensure internal environmental balance. The selection of an
appropriate device is extremely important for therapeutic efficacy; therefore, qualified technical
indicators are needed to evaluate device performance. The international standard 1SO 8637-1:2017

proposes many important indicators for evaluation of device performance.®

3.1 Clearance (Cp)

C., which represents the removal of a solute from blood expressed as volume per unit time, is
an important index for evaluating the solute removal performance of the blood purification device.
Cg and Cgo are the sample concentrations at the blood inlet and outlet, Qg and Qgo are the blood
flow rates at the inlet and outlet of the device, respectively. Assuming that ultrafiltration does not
occur during dialysis (i.e., filtrate flow rate (Qr) = 0 mL/min), then Qgo = Qg;. The residual
dissolved mass of a given solute after removal by a filter is (Qg; — C.) % Cg), which is consistent
with the equivalent value of Qg >* Cpo according to the law of conservation of matter (i.e.,

equation (2)).
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CL= (CB%BICBO> Opr (2)

Assuming that ultrafiltration occurs (i.e., Qr > 0 mL/min), then Qgo = Qg — Qr. In this case,

(Qei — CL) x<Cpg and Qpo *Cpo are equal. Therefore, C, is represented by equation (3).

QBiCs1 — @BoCBo  (CB1 — Cpo Cgo
= =( )QBI+—QF 3)
Cei Cei Cei

CL

3.2 Overall Mass Transfer Membrane Area Coefficient (K,A) and Dialysis

Efficiency (E)

The following discussion is specifically applied for a blood purification device called the
dialyzer with no ultrafiltration. For a given solute, the C, by the dialyzer is related to the mass
transfer coefficient and effective membrane area (A). The mass transfer coefficient, defined as the
reciprocal of mass transfer resistance, represents the difficulty of mass transfer. According to
equation (1), the overall mass transfer coefficient (K,) can be expressed by equation (4) (Figure

11).

1 _ 1 4 1 4 1 4
K, Ko Ku ' Kp @
where Kg, Ky, and Kp are mass transfer coefficients of the blood boundary layer, the membrane

itself, and the dialysate boundary layer, respectively.
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Figure 11. Mass transfer coefficients. K,, overall mass transfer coefficient; Kg, Ky, and Kp, mass
transfer coefficients of the blood boundary layer, the membrane itself, and the
dialysate boundary layer, respectively; Rg, Ry, and Rp, resistances from the blood
boundary layer, the membrane itself, and the dialysate boundary layer, respectively;
Cg and Cp, solute concentrations on the blood side and the dialysate side, respectively;
and Cgy and Cpy, solute concentrations on the membrane surface in boundary layer of

the blood side and that of the dialysate side, respectively.

According to the law of conservation of mass, the decrease in solute on the blood side is

equal to the increase in solute on the dialysate side. Thus, the mass transfer rate (1) equals:
m = Qg(Cp1 — Cpo) = @p(Cpo — Cp1) (5)

m can also be determined by the overall mass transfer area coefficient (K,A), a combined
parameter consisting of K, effective surface area A, and (Cg — Cp)ay, Which signifies the mean
difference in solute concentration between the blood and the dialysate.

m = KoA(Cg — Cp)ay (6)

(Cg — Cp)ay refers to the logarithmic concentration difference (equation (7)); ‘In’ is an
abbreviation for the natural logarithm.

_ (Cgr — Cpp) — (Cgo — Cpy)

(CB - CD)av - CBI — CDO
In (2L—22)

(7)

According to the preceding equations, C_ can be represented by the functional relationship

among Qg, Qp, A, and K, (equation (8)).2" The K,A (equation (9)) derived from equation (8) is
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also measured in volume per unit time, reflecting the permeability of the dialyzer to a given solute;
it can be regarded as the potential removal performance of the dialyzer, which is used to analyze

the diffusion effectiveness of the dialyzer quantitatively.

(KoL 00/ Qo))

exp
CL=10s _ (8)
exp (£eAUZ/Co)) _ g, /g,
K,A=-%_1n g 9)

For a given solute, C_ by a dialyzer is correlated with QB.68 When the Qp is constant, C
exhibits a linear relationship with the Qg. When the Qg exhibits an infinite increase and solute
concentrations in the dialysate and blood approach equilibrium, the relationship curve between C
and Qg forms a plateau, indicating that the limiting region of K,A has been reached. Thus, a larger
KoA implies that a greater Qg is required to reach this plateau. There is a similar relationship
between the Qp and the diffusion clearance for a given solute; accordingly, KA can be regarded as
the maximum C__ that a dialyzer can obtain under specific flow conditions, implying that solute
removal performances of the dialyzer for middle and high molecular weight solutes are mainly
limited by K,A. The minimum values of Qg, Qp, and K,A determine the overall removal
performance of a dialyzer.??

The arithmetic definition of the membrane surface area, A, is calculated by equation (10).%*

A, = mdLN (10)
where N is the number of hollow fibers.

The value defined by the above equation, however, may usually be different from the
effective surface area, A, the area where the diffusion really occurs with no obstructions. Also,
although a particular dialyzer has a set value for the KA, optimization of the housing design can
theoretically improve the KA of the dialyzer. For specific values of Qg and Qp, Ryu can be reduced
by decreasing the Ax, thereby increasing the K,A of the dialyzer. Furthermore, spacers can be
added to the hollow fiber membrane bundle or designed with microwave structures to maximize
the improvement of dialysate and blood perfusion, increase A (not A,), and enhance the K,A of the
dialyzer.

N+, the number of transfer unit, is a direct measure of transmembrane mass transfer efficiency
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(equation (11)), such that higher Nt values are associated with greater mass transfer efficiency per
unit flow rate. Z is the blood flow to dialysate flow ratio (equation (12)). By substituting equations
(11) and (12) into equation (8), an equation for calculation of dialysis efficiency (E) can be
constructed (equation (13)). E represents the maximum solute removal fraction that the dialyzer

can actually achieve.

Ny = Ko4 11
T= 0, 1D
_ %

7= o (12)

. G, _ 1—exp[Nr(1 - 2)] (13)

Qg z—exp[Np(1—2)]

3.3 Internal Filtration Flow Rate (Qif)

Blood flows on the inside of the hollow fiber membrane; dialysate flows countercurrently or
in the opposite direction to the blood stream on the outside of the membrane. On blood and
dialysate sides, the pressure is skewed in opposite directions (Figure 12).%* At the blood inlet,
pressure is higher on the blood side than on the dialysis side, and the positive TMP induces the
forward filtration or the water transport from the blood compartment toward the dialysate
compartment, whereas the negative TMP induces the backward filtration or the water transport
from the dialysate compartment to the blood compartment because the pressure is higher on the
dialysate side than on the blood side. Figure 12 illustrates how a pressure drop on the dialysate and
blood sides increases the TMP at any point in the dialyzer/filter, improving mass transport by
convection. Integrated forward and backward filtration occurring in one blood purification device

at the same time in the different region is called “internal filtration.”
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Figure 12. Schematic of pressures during internal filtration.2*

High-flux membrane device undergo substantial positive (forward) and negative (backward)
filtration (i.e., internal filtration).** Sato et al. used Doppler ultrasonography to measure the
maximum internal filtration flow rate (Qr.max) accurately in high-flux dialyzers.®® The detection
device for internal filtration flow rate (Q,r) measurement is shown in Figure 13. A Doppler
ultrasonography with a pulse-wave of 7.5 MHz was used to measure blood velocity at various
points along the direction of blood flow. In this method, Q,r.max (equation (15)) is calculated as the

difference between the inlet blood flow rate (Qg,;) and the minimum blood flow rate (Qgw).

1
S = ZNnL2 (14)
Qrr-Max = Upr — UM = VB1S — VemS (15)

where S is the cross-sectional area of the hollow fibers, Vg, is the inlet blood flow velocity, and
Vgwm is the minimum blood flow velocity.

Sakiyama et al. used this method to measure the Qr.max Of high-flux polysulfone (PSf)
membrane dialyzers; the results showed that at the Qg of 350 mL/min, the Qr.max could reach 58
mL/min; this was twofold higher than the Qir.max When the Qg was 200 mL/min. The internal
filtration enhanced the convection effects, increasing the C, for 8,-MG by approximately 20%.%
The promotion of internal filtration can enhance the convection effects, thereby improving the
effectiveness of middle and high molecular weight solute removal. Accordingly, measurements of
the Qi effectively quantify the extent of transmembrane water movement caused by the blood

purification device (i.e., convection effects).
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Figure 13. Internal filtration flow rate measurement system.

In accordance with the principles of the Hagen—Poiseuille equation,®* pressure drops on the
blood side and the dialysate side are calculated by equations (16) and (19), respectively.
Mineshima et al. demonstrated that reasonable optimization of design factors can significantly
increase Q2" Decreasing d or increasing L leads to an increase in pressure drop on the blood side,
thereby promoting Q;r. An increase in hollow fiber packing density (PD) narrows the dialysate
flowable space and increases the pressure drop on the dialysate side, thus promoting Q. However,
increasing the pressure drop on the blood side or dialysate side may lead to the risks of hemolysis

and membrane rupture. Therefore, d, L, and PD must be designed within a reasonable range.

128ugLQp

APg = Pg; — Pgo = Nid* (16)
D? — (d + A)%N
D, = 17
€ (d + AN a7
n[D? — (d + A)*N
5, = D2 = (d+A07N) 18
4
32upLQ
4Py = Po; = Ppo = =32 (19)

where 4Pg and 4Pp are pressure drops on the blood side and dialysate side, respectively; Pg,, Pgo,
Ppi, and Ppo are the inlet and outlet pressures on the blood side and the inlet and outlet pressures
on the dialysate side, respectively; ug and up are the viscosities of the blood and dialysate,
respectively; D, is the equivalent diameter of the dialysate flow path; and Sp is the cross-sectional

area of the dialysate flow path.
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3.4 Transmembrane Pressure (TMP) and Ultrafiltration Coefficient (kur)

TMP is the overall pressure difference on either side of the membrane, calculated by
subtracting filtrate pressure (Pg) from the mean of the inlet pressure (Pg,) and outlet pressure (Pgo)

of the blood side (equation (20)).
TMP = 222780 _ py (20)

Because of concentration polarization and membrane fouling within the device, the TMP in
general increases with time in any kind of blood purification therapy, including CRRT. Water
removal is an important objective of CRRT; it is most often accomplished through ultrafiltration,
which is governed by the TMP. During the ultrafiltration process, solutes with high relative
molecular weight are intercepted by the membrane because of the membrane pore size, resulting
in concentration polarization on the membrane surface.?® The rapid formation of a concentration
polarization layer results in a rapid decrease in membrane filtration efficacy and an increase in
convective mass transfer resistance. Especially in the early stages of treatment, the concentration
polarization layer rapidly increases, and the TMP rapidly increases to meet the set Qur.
Furthermore, membranes cause non-specific adsorption of high molecular weight solutes such as
plasma proteins; this process results in solute deposition on the membrane surface or within
membrane pores, blockage of membrane pores, and membrane fouling. The thickening of the
formed filter cake layer is also an important factor in reducing the membrane filtration efficacy,
which also can increase convective mass transfer resistance. The initial membrane fouling is
relatively mild, allowing passage of some fluids. As the duration of treatment increases, additional
high molecular weight solutes flow to the membrane surface or pores, increasing the flow
resistance through each blocked area and aggravating membrane fouling. This process results in a
continual increase in the TMP, which reaches a critical value upon membrane fouling saturation.

The TMP has a direct impact on filter effectiveness and safety profile. Convection requires a
TMP gradient to cause fluid motion.?® If the permeation flux increases with increasing TMP
during ultrafiltration, the corresponding pressure range is regarded as the pressure-dependent zone
(i.e., the area where the membrane performs the best and the convection effect is enhanced). If the

permeation flux does not increase in a linear manner with TMP, the membrane reaches fouling
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saturation, and the removal performance of the device is diminished. Extracorporeal blood
circulation typically functions at a constant ultrafiltration flow rate, rather than a constant TMP, to
reduce the negative effects of concentration polarization and membrane fouling; the TMP is
increased to maintain constant ultrafiltration flux.™® However, large fluctuations in TMP are likely
to cause abrupt changes in osmotic pressure and worsen a patient’s hemodynamic instability.
Furthermore, excessive TMP can damage red blood cells and denature proteins, resulting in cell
membrane stretching and rupture, membrane pore deformation, and significant protein loss.
Therefore, minor variations in TMP are critical safety profile indicators when designing CRRT
filters. The TMP must remain stable within a specific range, maintain hemodynamic stability,
inhibit excessive protein loss, and support enhancement of convection effects and optimization of
solute removal efficiency.

The ultrafiltration coefficient, kyr, is an indicator that quantifies a hydraulic permeability of

the device, defined by the following equation (21), i.e.,
— Qur
ke = — (21)
This value is sometimes called UFR (ultrafiltration rate) in clinical situations; however, this
naming is not preferred especially when membrane performance is discussed because

“ultrafiltration rate” also refers to the “rate of ultrafiltration”, Qur. A gradual decline in kyr during

CRRT always be a useful measure of the effectiveness and lifetime of the filter.

3.5 Concentration Polarization Mass Transfer Resistance (Rc)

Concentration polarization refers to the phenomenon that solutes with a high molecular
weight (e.g., most plasma proteins) are intercepted by the membrane and highly concentrated near
the membrane surface; this ultimately results in the formation of a concentration polarization layer

(Figure 14).%8
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Figure 14. Schematic of concentration polarization.®

Concentration polarization is an important indicator of protein filtration, which indirectly
reflects the safety profile of the filter. When concentration polarization occurs, the protein
concentration is significantly greater in the concentration polarization layer than in the bulk
solution; moreover, the extent of protein filtration is enhanced in the concentration polarization
layer.** Importantly, a decrease in concentration polarization layer formation leads to less filtration
of beneficial proteins (e.g., albumin), thus improving the safety profile of the filter.%
Concentration polarization mass transfer resistance (R;) can be used to quantitatively evaluate
concentration polarization layer formation; a larger R, indicates a thicker concentration
polarization layer.”

In terms of the increase in mass transfer resistance caused by solute accumulation on the
membrane surface or pores, the total mass transfer resistance (R;) includes the mass transfer
resistance caused by Ry, R, and the mass transfer resistance caused by the protein cake layer (Ry)
(equation (22)).* The R, is computed by dividing the TMP; at a given operating time by the

permeation flux (J) and filtrate viscosity of the membrane () (equation (23)).

Ry =R+ Ry, + R. (22)
_TMP, 23
g

Because of the reversibility of mass transfer resistance caused by the concentration
polarization layer, a TMP, that minimizes the influence of concentration polarization can be

obtained by fully flushing the blood side with buffer solution and conducting pressure testing; R +
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Rm can then be calculated (equation (24)). Equations (22)-(24) can be used to calculate the R,

value.

Re+ Ry =2 (24)

3.6 Sieving Coefficient (SC)

SC, an important evaluation indicator of solute removal through convection effects, is used to
describe the potential of different solutes to pass across a particular membrane.** Although there
are so many definitive equations of the sieving coefficient, SC in this dissertation was calculated
by equation (25) at each time point using the protein concentration of the filtrate (Cg), Cg, and

CBO-

2Cx

SC=—"F
Cgr + Cgo

(25)

A larger SC value for removal of the target solute indicates stronger filtration efficacy for that
solute. However, the SC value for non-removal target solutes (e.g., albumin) must be maintained
within a specific range to avoid causing nutritional imbalance, and other complications. Formation
and development of a concentration polarization layer and a protein cake layer often cause
changes in filtration efficacy during the treatment process. Therefore, the efficacy of the filter can
be evaluated by monitoring changes in SC over time; this indicator can also be used to evaluate

albumin filtration performance, thus predicting the filter safety profile.

3.7 Amount of Albumin Filtered (Msq)

The amount of albumin filtered (Mgq) is an important indicator of a safety profile of the filter.
It can be quantified by continuously measuring the albumin concentration in the filtrate and was

calculated as an area under the curve of the rate of mass filtration, Qg x Cr (equation (26)).”

t
Mpq = [, Qr Cpdt (26)
Albumin is the most abundant protein in plasma, comprising more than 50% of all serum

proteins®; it plays a prominent role in the maintenance of stable plasma colloid osmotic pressure®’.
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The use of high-flux membranes during CRRT may cause nutrient loss, negatively impacting the
patient’s nutritional status. The primary goal of CRRT is maintenance of the patient’s
hemodynamic stability; albumin filtration must be strictly controlled to optimize the overall safety
profile. Mgq is used to quantitatively evaluate albumin retention characteristics of the membrane to

assure safety profile of the filter.

4 CRRT Filter Design

CRRT filter performance depends on membrane permeability to water and solutes, along with
design factors. The membranes currently used in CRRT filters display a design that is nearly
identical to the design of hollow fiber membranes. Despite their origins in chronic blood
purification, current filters have been continuously developed and now meet CRRT performance
requirements for biocompatibility, permeability, and toxin removal. In terms of housing, most
designs adhere to dialyzer housing conventions; there remains considerable potential for
improvements in design factors such as effective hollow fiber length (L) and inner housing

diameter (D), the ratio of L to D (L/D ratio), as well as hollow fiber packing density (PD).

4.1 Membranes for CRRT

The implementation of membrane separation technology in medicine has led to significant
advancements in human life sciences. The most important component of extracorporeal blood
purification therapy is the membrane, which serves as the separation medium. The spinnability of
the membrane material is a key consideration in the fabrication of membranes via dissolution,
extrusion, and film formation processes. Membranes for various blood purification treatments
must have high mechanical strength, good water and solute permeability, disinfectant properties,
and excellent biocompatibility. Membranes for conventional dialysis have advanced through four
stages of development: natural cellulose, modified cellulose, synthetic polymers, and optimization
from low flux to high flux. The materials currently used as clinical dialysis membranes are

classified into two categories, i.e., natural polymers and synthetic polymers.
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(1) Natural Polymer Membranes

Early dialysis membranes consisted of natural cellulose; their basic structure and thin
membrane thickness (6—12 mm) were conducive to diffusion mass transfer. However, the inherent
low permeability of plant fibers limited the use of such membranes in convection therapy.
Furthermore, unmodified regenerated cellulose membranes exhibited many biocompatibility

issues, such as acute leukopenia and complement activation.*®*

A series of improvement studies
led to the development of various modified cellulose membranes. The membrane pore sizes were
increased, adverse effects (e.g., inflammation) were reduced, and the MM flux and removal
performances were improved. In particular, a later version of cellulose triacetate membranes
demonstrated good therapeutic effects when used in clinical settings."® Pichaiwong et al. used a
modified cellulose triacetate membrane in CRRT; this approach considerably resolved difficulties

such as complement activation and achieved biocompatibility similar to the compatibility of PSf

membrane.*®

(2) Synthetic Polymer Membranes

Synthetic polymer membranes (e.g., polyacrylonitrile (PAN), polymethyl methacrylate
(PMMA), and PSf) were presented in the late 1970s. *°* The membrane thickness (4x) of an early
synthetic polymer membrane was approximately 100 pm. It was only appropriate for
hemofiltration because it did not support diffusion mass transfer. After modification, the 4x was
considerably reduced and the membrane structure was optimized. In contrast to cellulose
membranes, synthetic polymer membranes can be constructed as asymmetric membranes with
dense inner surfaces and porous support structures. They have superior mechanical strength,
higher porosity, better permeability and biocompatibility, and more robust capacity to reproduce
the natural filtration functions of the kidneys.

In 1985, 8,-MG was identified as a factor associated with carpal tunnel syndrome in long-
term dialysis patients.'® Since then, extensive clinical research has revealed that low relative
molecular weight proteins, such as £,-MG, cannot be completely removed by low-flux membranes.

The removal of such proteins requires membranes with sufficient pore size, high permeabilities
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both for fluid and solutes of interest. Simultaneously, to avoid the loss of beneficial proteins in the
body and corresponding negative effects on patient prognosis, membranes require a reasonable
mean pore size distribution. By adjusting the membrane manufacturing process to modify the pore
size and pore size distribution, researchers created a series of high-flux synthetic polymer
membranes with large pore sizes. The typical membrane pore size is 2.9-3.5 nm, and the kyr > 20
mL/(hr mmHg)."* Dialyzers used in chronic blood purification are usually classified either in
low-flux or in high-flux mainly depending on the filtration performance. Because CRRT filters
exclusively use high-flux membranes with high permeability to water and solutes, above
mentioned classification is less appropriate for CRRT filters. When evaluating membranes for
CRRT filters, kyr > 20 mL/(hr mmHgQ) is an appropriate criterion.

CRRT requires long-term anticoagulation management, typically using intravenous heparin
as an anticoagulant to promote biocompatibility; however, this approach can exacerbate adverse
effects such as bleeding and heparin-induced thrombocytopenia.’®® Ren et al. used a covalent bond
to adhere heparin to the PSf membrane surface.’® The modified membrane exhibited improved
hydrophilic properties, prolonged clotting time, and reduced platelet adherence. Moreover, the
membrane demonstrated a local anticoagulant effect and could minimize the requirement for
heparin during treatment. Similarly, Hirayama et al. used heparin to modify the membrane surface
of AN69 membrane (a copolymer of acrylonitrile and sodium methallylsulfonate, a highly
negatively charged membrane); this yielded the AN69-ST membrane (AN69 with positively
charged polyethylene imine, a membrane with reduced negative charge), which demonstrated
good anticoagulant performance and could be specifically used for CRRT.”” Furthermore, CRRT
requires the use of filters to actively remove inflammatory mediators from the patient’s body and
re-establish a stable immune response. Stasi et al. showed that PMMA membranes can
significantly reduce tissue and systemic complement activation, restrict renal damage and fibrosis,

and improve overall inflammatory status; thus, the membranes are appropriate for CRRT.*®

4.2 Design Factors

Design factors include all design parameters that affect the effectiveness and safety profile of
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filters, such as d, 4x, L, N, A, D, PD, a baffle structure near the dialysate inlet and outlet, and a
taper structure at both ends of the housing. The geometric characteristics of dialyzers/filters are
closely related to their performances; therefore, improvements in filter performance require the

optimization of all the design parameters.

(1) Baffle Structure and Taper Structure

The performance of a filter greatly depends on blood and dialysate flow conditions.**® To
maximize the mass transfer rate between blood and dialysate, dialysate must flow uniformly
within the dialyzer and travel directly to the end of the dialyzer. To achieve this flow pattern, a
baffle structure is installed at the inlet and outlet of the dialysate, or a taper structure is installed at
both ends of the housing (Figure 15); these structures guide the dialysate into and out of the
dialyzer, thereby optimizing dialysate flow. Fukuda et al. conducted computer simulation to
investigate the impact of housing with or without a taper structure on the flow of dialysate into a
hollow fiber membrane bundle; they found that the taper structure was associated with radial fluid
dynamics.™™® The reduction of radial fluid force in housing without a taper structure hinders
dialysate flow into the central area of the membrane bundle, thereby reducing diffusion removal
efficiency; in housing with excess taper length, the increase in fluid volume on the dialysate side
and the decrease in dialysate linear velocity can also reduce diffusion removal efficiency. To
further explore the optimal design of baffle structures and the optimal length range of taper
structures, Yamamoto et al. used computer simulation to systematically analyze the impacts of
baffle structures and taper structures (i.e., taper angle and taper length) on dialysate flow."** A fully
enclosed baffle and moderate taper design have been identified as key factors in the free and
uniform flow of dialysate into the hollow fiber membrane bundle; they can achieve efficient
dialysate distribution in the membrane bundle, effectively reduce dead corners during mass
transfer, increase A,, and improve device effectiveness. The optimal ranges of taper angle and
taper length are 2-4<and 12.5-25.0 mm, respectively for dialyzers used for conventional dialysis

therapy.
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Figure 15. Schematic diagram of baffle structure and taper structure.

(2) Inner Diameter (d) and Effective Length (L) of Hollow Fiber

Although baffle and taper structures can effectively supply dialysate into the membrane
bundle, Hirano et al. used a pulse response method to evaluate the flow rates of blood and
dialysate; they found that d, L, and PD had greater impacts on fluid flow inside the hollow fiber

device.!?

Nguyen et al. investigated their impacts on effectiveness by designing a series of hollow
fiber devices with various d; the results showed that a strict control of key design parameters (e.g.,
d and 4x) was necessary to improve the removal performance for low to middle molecular weight
and protein-bound uremic toxins.*™® By comparing the performances of two dialyzers (d = 175 um
and 200 um), Ronco et al. discovered that a decrease in d can enhance the blood pressure drop,
increase TMP at the proximal end and negative pressure at the distal end of the dialyzer, and
promote internal filtration, thereby improving removal performance for MMs such as VB;,.**
Using a model design and experimental methodologies, Raff et al. showed that, in the presence of
constant PD, a decrease in d and concurrent increase in L could significantly improve toxin
removal performance.’™ Furthermore, Sato et al. also evaluated the impact of L on the

116

performance in a clinical setting.” When d and A, were constant, an increase in L resulted in a

significant change in pressure drop along the length of the dialyzer, thereby enhancing internal

filtration and improving toxin removal performance.

(3) Hollow Fiber Packing Density (PD)

The solute removal efficiency of the device is heavily influenced by the flow distribution of
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blood and dialysate.'*

If the filter design results in uneven distribution of blood flow inside the
membrane or tunneling effects in the dialysate flow pathway outside of the membrane, removal
efficiency may be significantly reduced. PD, defined as the ratio of the cross-sectional area of the
membrane bundle to that of outer casing with the inner diameter D (equation (27)), is an important

design factor that affects flow distribution and filter effectiveness.

2
PD = (F2E)°N 27)

The blood flow rate outside of the membrane bundle is lower than the rate among hollow
fibers in the central region of the membrane bundle; the flow of dialysate is subject to relatively
high resistance in the central region of the membrane bundle, whereas resistance in the periphery
is relatively low. Accordingly, dialysate flows more rapidly in portions of the filter with lower
blood flow velocity. A high PD hinders dialysate injection into the membrane bundle, resulting in
reduced removal efficiency; in contrast, a low PD causes a tunnel effect, reducing dialysate
utilization and resulting in insufficient solute removal. To increase peripheral blood flow velocity
and reduce the risk of coagulation in peripheral fibers, Ronco et al. placed an “O” ring around the

membrane bundle in the middle of the dialyzer."*’

Hirano et al. reported that PD values between
48% and 67% allowed both blood and dialysate to freely enter the device, increasing the contact
area between blood and dialysate; these PD values increased the solute clearance efficiency of a
dialyzer for conventional dialysis.*'® Donato et al. demonstrated that increasing PD to 55%-60%
could facilitate optimal dialyzer design while considering manufacturing feasibility and the

maximum mechanical stress that red blood cells can tolerate.**°

(4) Ratio of Effective Length (L) to the Inner Diameter (D) of the Housing (L/D Ratio)

The L/D ratio, which determines the housing shape of the device, is defined as the ratio of
effective length to the inner diameter of the housing or the outer casing of the device. The housing
shape directly affects the flow of blood and dialysate, thereby influencing mass transfer. Suzuki et
al. attempted to model filters using the Hagen—Poiseuille equation and Blake—Kozeny equation;
subsequently, they conducted computer simulations to investigate the impact of housing shape on

pressure drop on the blood side and dialysate side, along with removal efficiency.® Using an L/D
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ratio fluctuation range of 1-15, they found that a high L/D ratio increased the pressure drop on the
dialysate side, enhancing the uniformity of dialysate flow. Notably, C, increased with the increase
in L/D ratio. Kosaku et al. investigated the impact of housing shape on albumin filtration
performance in the L/D ratio range of 2.9 to 9.3; they found that L/D ratio adjustments effectively
controlled the albumin filtration rate without modifying membrane filtration performance.*
Furthermore, Donato et al. used a two-dimensional mathematical model of solute transport
momentum and mass in dialyzers to investigate the impacts of device geometry design, solute

121 The C, values of

transfer processes, and operational parameters on solute removal efficiency.
urea, inorganic phosphate, and $,-MG were consistent with experimental test results. Overall,
enhancements of L/D ratio or PD could maximize the ultrafiltration coefficient, thereby guiding

improvements in device design.

5 Conclusion

As a core of extracorporeal blood circulation, the CRRT filter has a key role in treatment
outcomes; its effectiveness and safety profile are determined by the membrane and the housing
design. Many researchers are exploring new membrane materials or modifying existing materials.
Membrane filmization, pore structure adjustment, filtration performance improvement, and filter
miniaturization can reduce extracorporeal blood volume; functional modifications to the
membrane surface can improve biocompatibility and extend filter life, thereby meeting the needs
of CRRT. As the requirements for CRRT filters in clinical treatment become increasingly refined,
researchers are more carefully considering the impacts of housing design on device effectiveness
and safety profile. Investigations of operating mechanisms, particularly regarding mass transfer,
have attracted substantial interest. However, research concerning CRRT filter design has been
insufficient; in particular, there is no comprehensive system to evaluate the impacts of design
factors on device effectiveness and safety profile, nor has there been an in-depth exploration of the
effects of various design factors on mass transfer mechanisms. As composite design factors, the
PD and L/D ratio have a decisive impact on the device structure and performance. A series of

explorations were conducted regarding the mass transfer mechanism, with a focus on the
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relationships of PD and L/D ratio with device effectiveness and safety profile, to resolve
limitations in CRRT filter design research and seek insights to guide the future design and

development of CRRT filters with excellent effectiveness and safety profile.
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Chapter 3
Effects of Hollow Fiber Packing
Density and Housing Shape on the
Solute Removal Performance of

CRRT Filters
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Chapter 3 Effects of Hollow Fiber Packing Density
and Housing Shape on the Solute Removal

Performance of CRRT Filters

1 Introduction

CRRT usually removes toxins from the body in a slow and continuous manner, stabilizes
hemodynamics, and maintains a homeostatic internal environment. It has positive therapeutic
effects in patients with critical illnesses, such as AKI. As core components of CRRT, filters can
significantly improve clinical treatment efficacy through minor performance enhancements. Thus
far, most filter-related research has focused on dialyzers used in IRRT because they have a longer
history compared with CRRT filters. In a previous work, Yamashita et al. found that increasing
PD can improve dialysis performance in IRRT. PD values below 30% may reduce the likelihood
of dialysate contact with the membrane. Conversely, PD values above 50% can strongly enhance
internal filtration in a blood system, thereby improving overall solute removal performance in
IRRT.?? Hirano et al. reported that housing design had a significant impact on dialyzer dialysis
performance.™® At PD values of 48% to 67%, dialyzers with greater PD can achieve more robust
dialysis performance and enhance the benefit of IRRT. Mineshima et al. suggested that increases
in L and PD could increase TMP, thereby improving internal filtration and increasing convective

transport within a dialyzer.®* ®

However, dialyzers with PD values above 70% had a higher risk of
hollow fibers contact, potentially reducing the effective membrane surface area. PD values above
70% can also result in hemolysis or membrane leakage through increased pressure loss.
Furthermore, Suzuki et al. investigated L/D ratios in the range of 1 to 15; they found that the C_
increased as the L/D ratio increased, but the C, was unaffected when the L/D ratio exceeded 10.*%
Kosaku et al. investigated L/D ratios of 2.9, 5.1, and 9.3; they reported that various L/D ratios led
to significant differences in the performance of filters specifically designed for CRRT using a

polyether polymer alloy (PEPA) membrane.*® However, the lack of systematic research
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concerning CRRT filter housing design hinders filter performance enhancement by precluding
improvements to housing design.

Housing design optimization based on the same hollow fiber membrane can help to improve
membrane performance. In this chapter, the research objective comprised investigating the effect
of housing design on the solute removal performances of CRRT filters by evaluating the
relationships of PD with housing shape (L/D ratio) and filter performance, which was not
conducted by other research groups systematically before. Based on the previous studies and the
hollow fibers specifications established in this study, we prepared nine CRRT filters with various
combinations of PD (50%, 55%, and 60%) and L/D ratio (2.9, 5.3, and 9.3), then simulated in
vitro CVVHD and post-dilution CVVHDF treatment modes. The C, of each filter was measured
using representative LM and MM biomarkers; Doppler ultrasonography was used to detect the
Qir-max Of each filter. Comparisons of C, and Qr.max Were conducted to determine the optimal
combination of design factors for PD and L/D ratio; the results demonstrated the impact of

housing design on the solute removal performances of CRRT filters.

2 Materials and Methods

2.1 CRRT Filter Design

Nine CRRT filters with various combinations of PD and L/D ratio were prepared using
identical polysulfone (PSf) hollow fiber membranes with d and 4x of 0.20 mm and 0.04 mm,
respectively (Table 3). The kyr of the PSf hollow fiber membrane was 22-23 mL/hr/mmHg, mean
pore size was 5-6 nm. The design factors (i.e., PD and L/D ratio) were set to three respective
specifications: PD = 50% (group 1), PD = 55% (group 2), and PD = 60% (group 3); L/D ratio =
2.9 (short and thick (ST)), L/D ratio = 5.3 (medium (M)), and L/D ratio = 9.3 (long and slim (LS)).
Each group contained filters with the above three L/D ratios (Table 3). The PD and A, arithmetic

surface area, were calculated by equations (27) and (10), respectively.

PD = (d";“")zlv 27)

A, = mdLN (10)
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Table 3. Design specifications of CRRT filters.

Group C_RRT PD L/D ratio L D N A%
filter [%%6] [-] [mm] [mm] [-] [m]
ST-1 2.9 120 41.0 10,710 0.81
1 M-1 50 5.3 180 34.0 7366 0.83
LS-1 9.3 255 27.4 4788 0.77
ST-2 2.9 116 40.0 11,264 0.82
2 M-2 55 5.3 175 33.0 7680 0.84
LS-2 9.3 250 27.0 5120 0.80
ST-3 2.9 112 38.3 11,264 0.79
3 M-3 60 5.3 166 31.6 7680 0.80
LS-3 9.3 240 25.8 5120 0.77

CRRT, continuous renal replacement therapy; ST, short and thick; M, medium; LS, long and slim;
PD, hollow fiber packing density; L, effective length of the hollow fiber; D, inner diameter of the

housing; N, number of hollow fibers; A,, nominal membrane surface area.

2.2 Measurement of Solute Removal Performance

Figure 16(a) shows a schematic of the solute clearance measurement system. Biomarkers of
LM comprised urea, creatinine (Cr), and inorganic phosphate (P); a biomarker of MM comprised
vitamin By, (VB1,). The C_ values of the nine filters for these four biomarkers were measured
using two in vitro treatment modes: CVVHD and post-dilution CVVHDF. The initial
concentrations of urea, Cr, P, and VB, were 25 mmol/L, 884 umol/L, 2 mmol/L, and 30 pmol/L,
respectively.?® Pure water was used as the dialysate. In CVVHD mode, the flow rate of the test
solution at the blood inlet was 100 mL/min; dialysate entered the dialysate inlet counter currently
at a flow rate of 16.7 mL/min (= 1000 mL/hr). In post-dilution CVVHDF mode, the flow rate of
the test solution at the blood inlet was also 100 mL/min; dialysate entered the dialysate inlet at a
flow rate of 8.3 mL/min and exited the dialysate outlet at a flow rate of 16.7 mL/min. In each
mode, the system was operated for 10 minutes; samples were then collected from the inlet and
outlet of the experimental filters; and their absorbances were tested with an ultraviolet-visible
spectrophotometer (UV-2600; Shimadzu Corporation, Kyoto, Japan). The detection wavelengths
of urea, Cr, P, and VB4, were 430 nm, 510 nm, 420 nm, 361 nm, respectively. The C, defined in

equation (3) was used as an indicator of solute removal performance. Nine different CRRT filters
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were tested three times in each mode to reduce experimental error. All results were expressed as
means =standard deviations. Statistical analyses were performed using unpaired t-tests, and the

statistical significance threshold was set to P < 0.05.

CrI=C c
C, = (%) Qg1 + 2 Qk 3)

Cai

The C_ is an objective index of mass transfer from a medical perspective because it
represents the volume of blood from which solutes have been removed. The following parameters
are also important from an engineering perspective; they were considered in this study because
they are useful in the design of blood purification devices, including K,A, which represents the
maximum theoretical clearance of a specific type of the dialyzer for a specific solute when the
blood and dialysate flow is infinite, can be obtained from equation (9). Nt represents the number
of mass transfer unit (equation (11)); larger Nt values indicate higher mass transfer efficiency per
unit flow rate. Z is the ratio of blood flow to dialysate flow (equation (12)), and E constitutes the

maximum solute removal fraction that can be achieved by the dialyzer (equation (13)).

Q 150
KoA = +=2-In (1_‘5_1;) 9)
Qp QB
Np= 222 (11)
B
_ %
z= (12)
_ G _ 1-exp[Ny(1-2)]
E= o = rexplvnion) (13)

2.3 Measurement of Internal Filtration Flow Rate

Figure 16(b) shows a schematic of the internal filtration flow rate measurement system.
Whole bovine blood (1 L, 37°C, adjusted to 32% hematocrit) was used on the blood side, and
saline was used as the dialysate. The flow setting conditions for the in vitro simulated CVVHD
mode were identical to the conditions used for C_ measurements. After 15 minutes of operation,
Doppler ultrasonography (HI VISION Avius; Hitachi Aloka Medical, Tokyo, Japan) with a pulse-
wave value of 7.5 MHz was utilized to measure blood velocity at intervals of 1-2 cm along the

direction of blood flow from the blood inlet. The following operating conditions were used:
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sampling depth, 1 cm from the outer surface of the housing; sampling gate width, 1.5 cm; and

beam angle, 65<(Figure 17). Qr.max Was calculated using equations (14) and (15).

1 2
S = NrL (14)
Qir-Max = Op1 — UM = VB1S — VemS (15)
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Figure 16. Experimental systems for clearance measurement (a) and internal filtration flow rate
measurement (b). Cg, and Cgp are sample concentrations at the blood inlet and outlet

of the blood stream, respectively.
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Figure 17. A schematic of Doppler ultrasonography.
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3 Results and Discussion

3.1 Optimal CRRT Filter Design

(1) Effect of L/D Ratio on Solute Removal Performance with Constant PD

The C_ values for CRRT filter groups 1 (PD = 50%), 2 (PD = 55%), and 3 (PD = 60%) in
CVVHD mode and post-dilution CVVHDF mode are shown in Figure 18. In each mode, the P
values of clearance for LMs were > 0.05, indicating that the differences were not statistically
significant. The C_ for VB, tended to increase as the L/D ratio increased with constant PD. In
particular, the C_ for VB4, was significantly higher with the LS model than with the ST or the M

model (all P < 0.05).
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Figure 18. Clearance of continuous renal replacement therapy (CRRT) filter groups 1, 2, and 3 in
continuous veno-venous hemodialysis (CVVHD) mode and post-dilution continuous
veno-venous hemodiafiltration (post-dilution CVVHDF) mode, *P < 0.05. (a) CRRT
filter group 1 in CVVHD mode; (b) CRRT filter group 2 in CVVHD mode; (c) CRRT
filter group 3 in CVVHD mode; (d) CRRT filter group 1 in post-dilution CVVHDF
mode; (e) CRRT filter group 2 in post-dilution CVVHDF mode; (f) CRRT filter group

3 in post-dilution CVVHDF mode. ST, short and thick; M, medium; LS, long and slim.
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(2) Effect of PD on Solute Removal Performance with Constant L/D Ratio

The C values of the LS series in CVVHD mode are shown in Figure 19. In this mode, the
clearance for VB, was higher with the LS-3 model than with the LS-1 or LS-2 model (all P <

0.05). The same trend was observed in post-dilution CVVHD mode.
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Figure 19. Clearance of LS series in continuous veno-venous hemodialysis (CVVHD) mode, *P <

0.05. LS, long and slim.

In both modes, clearances for urea, Cr, and P were not significantly affected by PD or L/D
ratio. This lack of effect was recorded because membrane permeability mainly affects the
diffusion phenomenon, which influences removal of LMs. In contrast, the effect of design factors
is not statistically significant. On the basis of the C_ for VB;,, it is clear that C, values were
highest with the LS series; in particular, the C_ of LS-3 was optimal. This phenomenon was
observed because the increase in PD and L/D ratio during dialysis increased the pressure drop on
the blood side and the dialysate side; the crossflow of blood and dialysate created a larger TMP
differential that resulted in fluid passage through the membrane, thereby affecting the C, for VBy,.

Based on data of regarding the C, for VB, in Table 4, the K A of the LS-3 was 92.2 mL/min,
twofold greater than the K A of the ST-1. Therefore, this result demonstrated that better housing
design enables better performance from the same membrane. Additionally, the E of the LS-3 was
0.166, indicating that the maximum solute removal fraction per unit time was 16.6% (i.e., solute
removal through the LS-3 filter was 16.6% of the total solute volume). These data showed that
among the nine designs, the LS-3 (PD = 60% and L/D ratio = 9.3) design had the greatest MM

removal ability; this housing design was optimal.
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Table 4. The K,A and E of each CRRT filter.

Group CRRT filter KoA [mL/min] Nt [-] E[]
ST-1 45.5 0.46 0.152

1 M-1 53.8 0.54 0.157
LS-1 63.5 0.64 0.161

ST-2 46.4 0.46 0.153

2 M-2 56.2 0.56 0.158
LS-2 64.5 0.65 0.161

ST-3 49.6 0.50 0.155

3 M-3 61.0 0.61 0.160
LS-3 92.2 0.92 0.166

CRRT, continuous renal replacement therapy; K,A, overall mass transfer-area coefficient; Nr,
number of mass transfer units; E, solute removal efficiency; ST, short and thick; M, medium; LS,

long and slim.

3.2 Enhancement of Mass Transfer by Internal Filtration

Toxin removal is essential for critically ill patients; however, MMs, especially those with
higher molecular weight, lead to greater removal difficulty, compared with LMs. The blood and
dialysate flowed in opposite direction in CRRT filter, internal filtration occurs and becomes a
driving force for transmembrane mass transfer, which helps to increase the filter’s convective
removal performance, particularly for MMs. The amount of Qs indicates the strength of the
driving force for transmembrane water movement. The pressure drops on the blood side and the
dialysis side have important effects on Qr. The flow distribution along the direction of blood flow
among nine CRRT filters with different PDs and L/D ratios were investigated by Doppler
Ultrasonography; then the resultant Q,r.max and the aforementioned C, for VB, were compared to
determine which filter design displayed the best dialysis performance.

To accurately explore the effects of PD and L/D ratio on internal filtration, first explored the
Qir-max under three different L/D ratio conditions with constant PD. Figure 20(a) clearly shows

that the LS-3 with the largest L/D ratio had the highest Q\r.max. The Qirmax Of LS-3 was 24
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mL/min, this value was 76.3% higher than the Qr.max 0f ST-3 (5.7 mL/min). In this experiment, a
larger L/D ratio indicates that the filter has a longer length and a smaller inner diameter. Under the
same blood flow, a larger L/D ratio was associated with greater pressure drop on the blood side.
When the L/D ratio was largest (L/D ratio = 9.3), the internal filtration flow rate was highest;
moreover, Qirmax = 24 mL/min under Qg = 100 mL/min is remarkably high, which should
significantly contribute to the rate of mass transfer even for MMs with higher MW.

Next, we compared the Qr.max Under three different PDs with constant L/D ratio. Figure 20(b)
shows that the largest PD (PD = 60%) was associated with the highest Q\r.max. The Qir-max OF LS-3
was 41.7% higher than the Q|r.max Of LS-1 (14.0 mL/min). This result occurred because, for the
same housing size, a larger PD resulted in a smaller fluid flow space for the same dialysate flow
rate, thereby increasing the pressure drop on the dialysate side and ultimately affecting Q. This
article omits the Qr.max results of four filters (ST-1, ST-2, M-1, M-2) because, according to the
above analysis of design factors, the values of those four filters are smaller than the values of the
other five filters. Experimental analysis showed that the increases in design factors (i.e., PD and
L/D ratio) effectively enhanced Qy, agitated convective effects during CRRT treatment, thereby

promoting MM removal and improving the performance of CRRT filters.

a b
( )1OC ,;( )1OC -
. ': *~ . _.;." ; (3 j
UL TP S e G 3 <
§ i /‘/ ‘/ -“\\_~ 'A/'/
—~90}F N SA—p--—A u —~90F Yo. Ta A%
= 2 g 2 ~ \~~ P ‘/,
c \ . c N Bromp =k v
(= 5 i = o B K o
5 ‘..\ i 5 \..\\ 2. o _o- ’?/'
é 80 ~n _—/' E 80 ~n _-/'
. T~ A .-m ‘; T~ A .-m
(€] &7
70 F ¢ ST-3 70+ A | S-1
A M-3 o LS-2
~ = |S-3 o = |S-3
0 1 1 1 1 OT s 1 e 1
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
Lo/l Lo/l

Figure 20. Blood flow rate profiles along the length of the continuous renal replacement therapy
(CRRT) filters. (a) hollow fiber packing density (PD) = 60%; (b) effective hollow
fiber length (L) and inner jacket diameter (D) ratio (L/D ratio) = 9.3. ST, short and
thick; M, medium; LS, long and slim. L is the position where linear velocity was

measured along the CRRT filter.
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4 Conclusion

In this chapter, the effects of PD and housing shape (L/D ratio) on solute removal
performance were evaluated in CVVHD mode and post-dilution CVVHDF mode. Experimental
data showed that the C, of LMs was not significantly affected by PD or L/D ratio in either mode.
However, the C_ of MMs was affected by both PD and L/D ratio in both filtration modes.
Furthermore, among the nine test models, the C, for MMs was optimal when PD = 60% and L/D
ratio = 9.3, indicating that the MM removal performance of CRRT filters was affected by housing
design specifications. Optimization of the housing design based on the same hollow fiber
membrane can maximize membrane performance, which is beneficial for the development of

high-performance CRRT filters.
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Chapter 4 Effects of Hollow Fiber Packing Density
and Housing Shape on the Albumin

Filtration Performance of CRRT Filters

1 Introduction

CRRT mode diversification and machine design advancements have contributed to the
progress of CRRT applications in critical care medicine. As a key determinant of therapeutic
efficacy, CRRT filters have more stringent clinical requirements in terms of solute removal
performance and safety profile. The effectiveness is mainly determined by the clearances for LMs
(e.g., urea, Cr) and MMs (e.g., VB, MB).**'?* The previous chapter explored potential
relationships between CRRT filter design factors and solute removal performance. Regarding the
safety profile, because of the nature of CRRT, patients should be in the most stable state possible.
Sudden changes in osmotic pressure because of rapid decreases in water and solute contents,
which would exacerbate hemodynamic instability, need to be avoided by maintaining TMP
stability. Additionally, because the treatment is administered for an extended duration, the leakage
of nutrients (e.g., albumin) should be minimized to ensure that the patient can maintain
homeostasis.”” 1?° After systematic review and analysis of previous studies, no in-depth studies
have been conducted regarding design factors for the aforementioned safety profiles, and no
comprehensive evaluation system had been established.

To further characterize the effects of design factors on the safety profile, the effects of PD
and L/D ratio on hemodynamic stability and albumin filtration performance were investigated
through analyses of nine CRRT filters with various combinations of PD and L/D ratio. The
mechanism of protein filtration performance over time was analyzed, and the effects of design
factors on the safety profile of CRRT filters were systematically examined through a
comprehensive in vitro evaluation system that involved continuous TMP monitoring, attenuation

of hydraulic permeability, Rc, temporal change in SC of albumin, and Mgg.
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2 Materials and Methods

2.1 CRRT Filter Design

Nine CRRT filters with various combinations of PD and L/D ratio were prepared using

identical PSf hollow fiber membranes (Table 3).

2.2 Continuous Transmembrane Pressure and Ultrafiltration Coefficient

Monitoring

A schematic diagram of the continuous TMP monitoring experiment is shown in Figure 21(a).
Two liters of albumin solution (36.0 g/L) were prepared using phosphate-buffered saline with pH
= 7.2-7.4. All experiments were performed at 310 K, over a duration of 4 hours, and under
conditions of inlet blood flow Qg = 100 mL/min and Qf = 10 mL/min. A continuous pressure
monitoring system was used to record the Pg,, Pgo, and Pr at a sampling rate of 1000 times per
second. Pressure was averaged over the middle 6 seconds (6000 points) within 10 seconds of data
(10,000 points); pressure data were collected at 10-minute intervals from the start of the
experiment. TMP was calculated as shown in equation (20). The ultrafiltration coefficient, kyr,

represents the water permeability of the filter and was calculated as shown in equation (21).

TMP = 222780 _ py (20)

Q
kUF = % (21)

2.3 Concentration Polarization Mass Transfer Resistance Measurement

In the first phase of this experiment, which used experimental conditions identical to the
continuous TMP monitoring experiment, the Pg,, Pgo, and Pr at 4 hours were recorded to calculate
TMP;. In the second phase of this experiment, phosphate-buffered saline was connected to the

blood inlet. After the filter had been washed for 5 minutes, the Pg,, Pgo, and Pr were recorded; this
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analysis allowed calculation of TMP, while minimizing the effect of concentration polarization. In
this experiment, R; included R, R¢, and Ry, as shown in equation (22).
Ri =R¢+ Ry + R (22)

R; was calculated through the division of TMP; by J and x (equation (23)).*

__ TMP;
Re=—2 (23)
Ri+ Ry, was obtained from TMPs.
__TMP,
Re+ Ry = —— (24)

R was calculated as shown in equations (22-24).

2.4 Variation in Albumin Sieving Coefficient Over Time and Measurement of

Albumin Removal

A schematic diagram of the sieving coefficient experiment is shown in Figure 21(b). Under
experimental conditions identical to the continuous TMP monitoring experiment, the analysis of
SC was performed with 2 L of albumin solution (36.0 g/L) for 4 hours. Samples were collected at
10-minute intervals at the blood inlet/outlet and filtrate outlet to measure albumin concentrations.

SC and Mgy were calculated as shown in equations (25) and (26), respectively.

2k

S¢= Ce1t+Cgo (25)
t

Mpa = [, Qr Cedt (26)
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Figure 21. Schematic diagrams of continuous transmembrane pressure (TMP) monitoring (a) and
sieving coefficient (SC) experiments (b). Pg,, blood inlet pressure; Pgo, blood outlet
pressure; P, filtrate pressure; Cg;, Cgo, and Cr, concentrations at the blood inlet/outlet

and filtrate outlet, respectively.

3 Results and Discussion

3.1 Effects of Design Factors on Transmembrane Pressure and Ultrafiltration

Coefficient

The TMP directly influences CRRT filter effectiveness and safety profile. Conventional
pressure monitoring methods obtain TMP data by recording the blood outlet pressure and dialysate
outlet pressure, then calculating the difference between these values as a TMP. The monitoring
frequency is 5-100 seconds per recording, which hinders accurate and continuous monitoring of
TMP. Here, we used a pressure monitor with high-frequency sampling (1000 times/second) to

conduct real-time measurements of Pg, Pgo, and Pr. Even when blood flow and dialysate flow
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were both low, small changes in TMP were observed, and the accuracy of pressure monitoring was
considerably improved. These advances facilitated exploration of the effects of TMP on filter
effectiveness and safety profile.

The trends of variation in TMP are shown in Figure 22(a, b). The TMP of each CRRT filter
initially tended to increase rapidly, then gradually increased over time. The range of variation was
2 mmHg, which indicated high stability and suggested that design factors did not extensively
influence filter hemodynamic stability in the ranges of PD and L/D ratio explored in this study.
Additionally, in terms of assessing effectiveness, kyr is inversely proportional to TMP (i.e., TMP
increases and kyr decreases); thus, when Qf is constant, an increase in TMP leads to a decrease in
the water permeability of the filter. The trends of attenuation in kyr over time are shown in Figure
22(c, d), where kyg(0) represents the initial detection value of kyr. Values of kyg of the nine filters
were attenuated within 60 minutes of the beginning of the experiment; the attenuation within 4
hours was < 10%. Although the formation of a protein cake layer resulted in a gradual decline in
water permeability, each filter was able to maintain stable effectiveness within the ranges of PD

and L/D ratio explored in this study.
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Figure 22. Trends of variation in transmembrane pressure (TMP) and the ultrafiltration coefficient
(kug). TMP, (a), hollow fiber packing density (PD) = 60%; (b), effective hollow fiber
length (L) and inner housing diameter (D) ratio (L/D ratio) = 9.3; kyr, (c), PD = 60%;

(d), L/D ratio = 9.3. ST, short and thick; M, medium; LS, long and slim.

3.2 Effects of Design Factors on Concentration Polarization

Concentration polarization, an important indicator of protein filtration performance, refers to
a phenomenon that occurs during membrane filtration. Specifically, the protein concentration is
higher in the concentration polarization layer than in the bulk solution; moreover, the extent of
protein filtration is enhanced in the concentration polarization layer. Importantly, reduced
formation of a concentration polarization layer leads to less albumin filtration. R, is used to
quantitatively evaluate the concentration polarization layer on the membrane surface; an increase

in R. indicates a larger concentration polarization layer. The R, measurements for each CRRT filter
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are shown in Figure 23. When the PD was constant, the R, value decreased as the L/D ratio
increased; the R. value of LS-3 was significantly lower than the those of ST-3 and M-3 (both P <
0.05). Furthermore, when the L/D ratio was constant, the R. value decreased as the PD increased,;
the R. value of LS-3 was significantly lower than those of LS-1 and LS-2 (both P < 0.05). The
lowest R, value among the nine CRRT filters was observed with PD = 60% and L/D ratio = 9.3,
indicating that the concentration polarization layer of LS-3 was smallest; this finding suggested
that design factors have a substantial effect on the formation of a concentration polarization layer

in CRRT filters, thereby influencing the extent of protein filtration.
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Figure 23. Concentration polarization mass transfer resistance of CRRT filters (*P < 0.05). PD,
hollow fiber packing density; L/D ratio, effective hollow fiber length (L) and inner

jacket diameter (D) ratio. ST, short and thick; M, medium; LS, long and slim.

3.3 Effects of Design Factors on Albumin Filtration Performance

SC is an important index used to measure the filtration performance of a filter for a specific
solute. A larger SC value for a target solute indicates stronger filtration performance for that solute.
However, the filtration of useful solutes, such as albumin (i.e., non-target solutes), must be

suppressed within a particular range. SC is limited by the hollow fiber membrane, as well as the
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filter design. Temporal trends of variation in the SC of albumin are shown in Figure 24. SC was
maximal at the beginning of the experiment and then decreased over time; specifically, SC
dramatically declined in the first 20 minutes, then continued to decline at a slower rate. After 60
minutes, SC became stabilized at a nearly identical value for all filters. When the PD was constant,
the SC value decreased with increases in the L/D ratio, as follows: SCst.3> SCy.3> SCis.3 (Figure
24(a)). Moreover, when the L/D ratio was constant, the SC value decreased with increases in the
PD, as follows: SC g1 > SC s, > SCs.3 (Figure 24(b)). The lowest SC value among the nine
CRRT filters was observed with PD = 60% and L/D ratio = 9.3. This filter exhibited the least
albumin filtration, presumably because design factors affected the formation and development of

the concentration polarization layer, leading to reduced albumin filtration.
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Figure 24. Trends of variation in albumin sieving coefficient. (a), hollow fiber packing density
(PD) = 60%); (b), effective hollow fiber length (L) and inner jacket diameter (D) ratio

(L/D ratio) = 9.3. ST, short and thick; M, medium; LS, long and slim.

Albumin is the most abundant protein in plasma; it plays a prominent role in maintaining
stable plasma colloid osmotic pressure. The primary goal of CRRT is maintenance of the patient’s
hemodynamic stability and reduction of nutrient loss. Therefore, the filter design should minimize
the extent of albumin filtration (also known as “albumin loss” or “albumin leakage”, usually not
called as “albumin removal” in clinical situation but in scientific discussion as follows) and
improve the overall safety profile. The amounts of albumin removed within 4 hours are shown in

Figure 25. Increases in PD and L/D ratio led to less albumin filtration (P < 0.05). Among the nine
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CRRT filters, the smallest Mgy was observed with PD = 60% and L/D ratio = 9.3. The extent of
albumin filtration was reduced by 47.5% compared with the ST-1 design, which had the maximum
Msg (LS-3, 79.92 £0.13 mg vs ST-1, 152.27 £6.01 mg). These results suggested that the tested
design factors can control the extent of protein removal and improve the safety profiles of CRRT

filters.
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Figure 25. Amount of albumin filtered (*P < 0.05). PD, hollow fiber packing density. ST, short

and thick; M, medium; LS, long and slim.

4 Conclusion

In this chapter, five in vitro indicators were used to analyze the mechanism of protein
filtration performance over time, and a comprehensive in vitro evaluation system was established
to explore the effects of various design factors on the safety profile of CRRT filters. Within the
range of parameters evaluated in this study, two design factors (i.e., PD and L/D ratio)
demonstrated minimal effects on TMP variation and kyg attenuation. Nine filters were able to
maintain hemodynamic stability and suppress the attenuation of water permeability; the filter with
PD of 60% and L/D ratio of 9.3 removed the smallest amount of albumin. These results suggest

that an appropriate increase in PD and the use of an elongated housing shape can suppress

73



albumin filtration (albumin loss) and improve the safety profile of CRRT filters. Performance
improvements in CRRT filters are essential for further improvements in therapeutic efficacy,
which are necessary for the development of CRRT filters that exhibit excellent effectiveness and a

robust safety profile.
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Chapter 5 A Practical Design Equation for Accurate
Quantification of CRRT Filter Design

Factors and Convection Effects

1 Introduction

Because of its ability to removal toxins without affecting hemodynamic stability, CRRT is
one of the most preferred treatments for critical care medicine. Technological advancements have
led to broad usage of CRRT in the treatment of critical illnesses (e.g., sepsis and multi-organ
dysfunction syndrome); its applications have expanded beyond supporting kidney functions.
Considering the increasing clinical need for CRRT, further improvement in blood purification
therapeutic efficacy has become an important focus for researchers. CRRT is conducted to remove
accumulated toxins with different molecular weights from a patient’s body, with a particular focus
on MMs. Biomarkers of MMs include $,-MG and MB. The accumulation of £,-MG can lead to
pathological fractures and induce cardiovascular disease’®**?; MB is the main causative factor of
acute myoglobinuric kidney injury’®™. CRRT filters have key roles in blood purification
therapeutic efficacy; their performances depend on membrane performance and filter design.
Regarding filter design, previous studies revealed relationships between design factors and filter
performances through mathematical models and experiments, offering a new approach for
optimizing filter design; however, those studies primarily focused on LMs (represented by
urea).’?>*?! The removal efficiency and mechanism of MMs (represented by $,-MG) have not
been fully elucidated. Moreover, no practical design equations have systematically integrated
mathematical models and experimental results to accurately and efficiently quantify the design
factors that influence CRRT filters and convection effects.

In this chapter, we designed nine CRRT filters with various combinations of PD and L/D
ratio to measure the C, for £,-MG and MB in an in vitro simulated CVVVHD mode. We also used

the Doppler ultrasonography to measure Qr.vax as an aid; this approach facilitated an exploration
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of the impacts of various design factors on convection effects, revealing the mechanisms that
influence MM removal performance. Furthermore, we established a multiple linear regression
model for statistical analysis of the Qr.vax. The impacts of design factors on the Qir.max Were
systematically investigated and experimentally verified. Finally, we proposed a practical design
equation to accurately quantify the design factors that influence CRRT filters and convection

effects.

2 Materials and Methods

2.1 CRRT Filter Design

Nine CRRT filters with various combinations of PD and L/D ratio were designed using

identical PSf hollow fiber membranes (Table 3).

2.2 Measurement of MM Removal Performance

Figure 16(a) shows a schematic of the MM clearance measurement system. The C, values of
nine CRRT filters for f,-MG and MB were examined using an in vitro simulated CVVHD mode.
The initial concentrations of $,-MG and MB were 1.5 mg/L and 100 mg/L, respectively; saline
was used as the dialysate. The test solution flowed into the blood inlet at a flow rate of Qg = 100
mL/min; the dialysate flowed into the dialysate inlet at a flow rate of Qp = 16.7 mL/min (= 1000
mL/hr). After the system had operated for 10 minutes, samples were collected at the blood inlet
and outlet. Sample concentrations of $,-MG were tested using a biochemical analyzer (Thermo
Konelab 20; Thermo Fisher Scientific Inc., Waltham, MA, USA). Sample concentrations of MB
were tested using a UV-Vis spectrophotometer (UV-2600; Shimadzu Corporation, Kyoto, Japan).
The C., an important index for evaluation of filter performance, was defined in equation (3).
Statistical analyses were performed using unpaired t-tests, and the threshold for P was set at <

0.05.

CB[—C

G = (B=222) Q5 + 22 Qr (3)

Cs Cg1
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2.3 Measurement of Internal Filtration Flow Rate

Figure 16(b) shows a schematic of internal filtration flow rate measurement. Whole bovine
blood (1 L, 37°C; adjusted to 32% hematocrit) was used on the blood side; saline was used as the
dialysate. Flow setting conditions in vitro simulated CVVHD mode were identical to the
conditions used for C,_ measurements. After 15 minutes of operation, Doppler ultrasonography (HI
VISION Avius; Hitachi Aloka Medical, Tokyo, Japan) with a pulse-wave value of 7.5 MHz was
used to measure blood velocity at intervals of 1-2 cm along the direction of blood flow from the
blood inlet. The following operating conditions were used: sampling depth, 1 cm from the outer
surface of the housing; sampling gate width, 1.5 cm; and beam angle, 65°(Figure 17). Qr-max Was

calculated using equations (14) and (15).
§ = Nml? (14)

Qir-Max = Qg1 — @M = V1S — VgmS (15)

2.4 Establishment of a Practical Design Equation to Quantify Design Factors and

Convection Effects

Because the same PSf hollow fiber membrane (d = 0.20 mm, 4x = 0.04 mm, kyr = 22-23
mL/hr/mmHg, mean pore size = 5-6 nm) was used in this study, PD was determined by N and D?
(equation (27)). Statistical Package for the Social Sciences (SPSS, version 28.0.1.0) software was
used for statistical analysis of the Qr.max; @ multiple linear regression model was established with
N/D? and L/D ratio as explanatory variables to explore the impacts of design factors on Qr.yax.
Statistical analyses of the Qr.vax Of ST-1, LS-1, LS-2, ST-3, M-3, and LS-3 were performed to
obtain a design equation that could quantify design factors and convection effects (equation (28)).
The F-test was used to determine model significance; a large F-value indicated that the results of

regression analysis were statistically significant.

PD = (d";“")zlv 27)

Qir-Max = bo + by (%) + b, (%) (28)
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where b; and b, are the regression coefficients of each variable factor, and by is a constant term.

The above model was standardized as follows:

N L
B(Qrr-max) = B1B (33) + BB (1) (29)
where B; and 3, are the standard coefficients of each variable factor.
Based on the standard coefficients, the impact ratio of each explanatory variable relative to

Qir-max Was expressed as follows:

2
Impact ratio = Zzﬁiﬁz X 100% (30)
i=1Pi

A larger impact ratio of the variable factor indicates that it has a stronger impact on Q.F.Max.13l

To evaluate the generalizability of equation (28), we randomly selected M-1, ST-2, and M-2, then
inserted their design factor parameters into the design equation; the results were compared with

measurements by the Doppler ultrasonography to identify statistically significant differences.

3 Results and Discussion

3.1 Effects of Design Factors on MM Removal Performance and Internal

Filtration Flow Rate

The C_ measurements of ,-MG and MB in each CRRT filter within the CVVHD mode are
shown in Figure 26(a, b). When the L/D ratio was constant (L/D ratio = 9.3), the C_ values for f,-
MG and MB increased as the PD increased; however, there were no statistically significant
differences among LS-3, LS-1, and LS-2, indicating that the PD had minimal impact on C_
(Figure 26(a)). When the PD was constant (PD = 60%), the C_ values for both substances
increased as the L/D ratio increased. The C values for f,-MG and MB in LS-3 were 15.5 0.3
mL/min and 13.4 £0.1 mL/min, respectively; these significantly differed from the values in M-3
and ST-3 (all P < 0.05). Moreover, the C_ values for 5,-MG and MB in LS-3 were 14.2% and 15.7%
higher than the corresponding values in ST-3 (8,-MG, 13.3 = 0.3 mL/min; MB, 11.3 +0.2
mL/min), indicating that LS-3 (PD = 60% and L/D ratio = 9.3) had substantially better MM

removal performance (Figure 26(b)).
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Variations in blood flow according to the direction of flow among CRRT filters are shown in
Figure 26(c, d). When pressure was higher on the blood inlet side than on the dialysate outlet side,
forward filtration occurred; the blood flow rate decreased along the direction of blood flow.
Conversely, when pressure was higher on the dialysate inlet side than on the blood outlet side,
backward filtration occurred; the blood flow rate increased. In the CVVVHD mode, when the L/D
ratio was constant (L/D ratio = 9.3), Q\r.max increased as the PD increased (Figure 26(c)); when the
PD was constant (PD = 60%), Qr.max increased as the L/D ratio increased (Figure 26(d)). The Q).
max OF LS-3 was highest at 24.7 2.2 mL/min, this value was 38.3% higher than the Qr.max OF LS-
1 (15.2 £1.7 mL/min) and 70.7% higher than the Qr.max Of ST-3 (7.2 0.3 mL/min), indicating

that the L/D ratio had a greater impact on the Q,r.max than the PD.
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Figure 26. Clearances (C.) for f,-MG and MB in continuous veno-venous hemodialysis
(CVVHD) treatment mode (a and b, *P < 0.05). Blood flow rate profiles along the
direction of blood flow in continuous renal replacement therapy (CRRT) filters (c and
d). (a) and (c), L/D ratio = 9.3 with varying PD (50%, 55%, or 60%); (b) and (d), PD =
60% with varying L/D ratio (2.9, 5.3, or 9.3). L is the position where linear velocity
was measured along the CRRT filter. ST, short and thick; M, medium; LS, long and

slim.
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S>-MG and MB are two representative MMs, although the former is normally a toxic
substance but the latter is not; their removal has clinically significant implications for patients with
AKI who require renal replacement therapy. We measured the C, of LMs in chapter 3 and found
that the C, values were close to the blood flow rate under CRRT treatment conditions, which
indicated that LMs were mainly removed by diffusion because of their smaller MW. Based on the
PSf hollow fiber membrane (d = 0.20 mm, Ax = 0.04 mm, kyr = 22-23 mL/hr/mmHg, mean pore
size = 5-6 nm) used in this study, the C_ of LMs were close to the maximum regardless of the
housing design. C,. measurements revealed that LS-3 had the best VB3, removal performance, as
shown in Figure 26(a) and (b), which indicated that the design factors had a significant impact on
the MMs removal. From engineering point of view, in the filter, there are two driving force for the
mass transfer, diffusion and convection effects. The MMs with higher MW require increased
convection to compensate for insufficient diffusion removal performance. Optimal design factors
effectively enhanced convection, thereby promoted MM removal performance of CRRT filters.
Here, we used the Doppler ultrasonography to measure the internal filtration flow rates of nine
filters in a CVVHD treatment model; subsequently, we quantitatively evaluated the impacts of
different design factors on convection effects. The results showed that LS-3 had the highest Q.
max in Figure 26(c) and (d). According to the Hagen—Poiseuille equation®, respective increases in
the PD and L/D ratio reduced dialysate flowable space and elongated the filter, thereby increasing
blood—dialysate convection; these changes led to greater pressure drop, thus promoting internal
filtration and enhancing convection effects. The internal filtration flow test showed that, compared
with the increase in PD, the increase in L/D ratio was more effective in terms of enhancing the
convection effect in the filter. The consistent impact of design factors on MM removal
performance and internal filtration efficiency demonstrated that the removal of these substances
was primarily dependent on convection. Thus, effective quantitative analysis of convection effects

could help to predict the MM removal performances of CRRT filters.
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3.2 A Practical Design Equation to Quantify Design Factors and Convection

Effects

Based on the above results, two variable factors (N/D2 and L/D ratio) and Qjr.max Were used
to create a multiple linear regression model of design factors and convection effects; this model
was utilized to analyze the impact of each variable factor on the convection effects, and an F-test
was conducted to evaluate model significance. The model’s adequacy was evaluated using
analysis of variance, as shown in Tables 5 and 6. The F-value of 78.871 was above the threshold
for Fo05(2,9), and the P-value was < 0.05, indicating that the model was plausible. The adjusted R
value was 0.934, implying that changes in N/D?and L/D ratio could explain 93.4% of the variation
in Qir.vax (Table 5). The effects of each variable on Qr.max are shown in Table 6. The regression
coefficients were by = -34.775 mL/min, by = 4.749 mL mm?2/min, and b, = 2.293 mL/min. In the
CVVHD treatment model, the following design equation was established to quantify design

factors and convection effects:
Qir-max = —34.775 + 4749 X -+ 2.293 X (31)

Qirmax Was significantly affected by N/D? and L/D ratio (all P < 0.05). The standard
coefficients of N/D?and L/D ratio for Qir.max Were p; = 0.386 [-] and B, = 0.921 [-], respectively.
Upon substitution of these values into equation 30, the calculated impacts of N/D?and L/D ratio on

Qir-max Were 15.0% and 85.0%, respectively.

Table 5. Analysis of variance for the multiple linear regression model of design factors and

convection effects

CVVHD  Sum of Squares DF Mean Square F P Adjusted R?
Regression 596.277 2 298.138
Residual 34.021 9 3.780 78.871  .000 0.934
Total 630.298 11
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Table 6. Effects of standard coefficients and variable factors on Qjr-max

CVVHD b Std. Error B P
bo -34.775 mL/min 7.042 - 0.001
N/D? 4.749 mL mm?/min 0.955 0.386 0.001
L/D 2.293 mL/min 0.193 0.921 0.000

Here, we constructed a practical design equation to analyze convection effects efficiently and
accurately quantitatively in CRRT filters through the quantification of design factors and
convection effects. Evaluation of the multiple linear regression model through analysis of variance
revealed F > Fgos, P < 0.05, and R* > 0.9; these findings indicated that the practical design
equation had high reliability.****** The design equation showed that, among the factors influencing
Qiemax, L/D ratio had a much greater impact on convection effects, compared with N/D?.
Therefore, L/D ratio optimization can significantly increase Qir.max and enhance convection
effects, thus improving the MM removal performances of CRRT filters. To further explore the
generalizability and accuracy of the design equation, Qr.max Was calculated by randomly entering
design factor parameters of M-1, ST-2, and M-2 into equation (31). Qjr.max Was also measured
using the Doppler ultrasonography. Independent samples t-tests were used to validate two sets of
data; differences between the calculated values of the design equation and the measured values
were statistically evaluated (Table 7). The P-value of 0.877 was > 0.05, indicating that there was
no statistically significant difference between the calculated and measured values. The design
equation for the design factors and convection effects was generalizable within the range of design

factor parameters used in this study.

Table 7. Differences between calculated and measured values of the design equation for

guantification of design factors and convection effects

CRRT PD N/D? L/D ratio Qif-max [ML/min]
filter [%] [mm?Y [ t P
Calculated value  Measured value
M-1  50%  6.37 5.3 7.64 8.56
ST-2 55%  7.04 2.9 5.31 5.45 0164 0877
M-2  60%  7.05 5.3 10.87 107
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4 Conclusion

In this chapter, our systematic synthesis of mathematical models and experimental results
facilitated the establishment of a practical design equation that accurately and efficiently
quantifies the design factors of CRRT filters and convection effects. The proposed design equation
allows rapid quantification of the Qr.max, Or convection effects, through simple substitution of
design factor parameters without the requirement for filter sample production or experimental
investigation. Thus, it effectively predicts the MM removal performances of CRRT filters with

different design factors, contributing to more efficient design of new CRRT filters.
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Chapter 6

Summary
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Chapter 6 Summary

Continuous Renal Replacement Therapy (CRRT) refers to all continuous and slow water and
solute removal treatments intended to provide long-term support mainly for renal function in
critically ill patients with hemodynamic instability in the ICU. In this study, Chapter 1 provided an
overview of the evolution, main treatment modes, and clinical importance of CRRT. Since Kramer
et al. proposed CAVH in 1977 and implemented it in clinical practice, CRRT has gained broad
usage in critical care medicine. This usage has arisen from treatment mode diversification, as well
as progress in the design of related consumables and blood purification devices. CRRT has
become the recommended treatment approach for acute kidney injury (AKI) because of its
capacity to remove multiple uremic toxins while maintaining hemodynamic stability. Advances in
technology have facilitated the use of CRRT in the treatment of critical illnesses such as sepsis and
multi-organ dysfunction syndrome (MODS); it has expanded from supporting renal function to
supporting the functions of organs such as the heart, liver, and lung. Therefore, further
improvement in the blood purification treatment effect of CRRT has become a key research focus.

Chapter 2 provided an overview of the main factors and performance indicators that affect
CRRT filter performance. CRRT filters are hollow fiber structures developed from dialyzers for
conventional hemodialysis therapy. For each filter, the effectiveness and safety profile are
determined by the performance of the internal hollow fiber membrane and the external housing
design. Thus far, there have been few in vitro studies regarding CRRT filters; most previous
studies focused on improvements in membrane performance to satisfy the clinical need for
continuous treatment lasting more than 24 hours. There has been minimal in-depth exploration of
the effects of various design factors on filter performance. Furthermore, dialyzer performance
indicators are frequently used to evaluate CRRT filter performance; there is no comprehensive
system for evaluating the effectiveness and safety profile of CRRT filters.

CRRT filter effectiveness is mainly determined by the clearances for LMs (e.g., urea, Cr, and
P) and MMs (e.g., VB1,, £>-MG, and MB). In terms of the safety profile, CRRT filters are required
to maintain maximum TMP stability during long-term treatment; this avoids the exacerbation of

hemodynamic instability because of rapid changes in water and solute concentrations.
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Furthermore, it is possible to minimize the cumulative loss of nutrients (e.g., aloumin) while
maintaining overall homeostasis.

Chapters 3-5 presented a series of studies that evaluated the relationships of design factors
with the effectiveness and safety profile of CRRT filters by analyzing nine different combinations
of PD and housing shape (L/D ratio). Relationships between design factors and CRRT filter
removal performance were explored in Chapter 3. We were the first to conduct Doppler
ultrasonography to measure the Qr.max 0f CRRT filters and then facilitated an exploration of the
effects of various design factors on convection effects, further revealed the mechanisms
influencing overall molecular uremic toxin removal performance. The results showed that design
factors did not have a significant effect on LM removal performance; however, optimization of
PD and L/D ratio could improve MM removal performance, enabling the same membrane to
display greater effectiveness. In Chapter 4, the effects of PD and L/D ratio on hemodynamic
stability and albumin filtration (albumin loss) performance were explored to characterize the
relationships between design factors and the safety profile of CRRT filters. Through the
construction of a comprehensive in vitro evaluation system that comprised continuous TMP
monitoring, attenuation of hydraulic permeability, concentration polarization mass transfer
resistance, albumin sieving coefficient over time, and amount of albumin removed, the mechanism
of temporal protein filtration performance was analyzed; the impacts of design factors on the
safety profile of CRRT filters were comprehensively evaluated. The results demonstrated that the
optimization of design factors could effectively control the albumin filtration performance of
CRRT filters; it could also improve the safety profile of CRRT filters. With the PSf hollow fiber
membrane (d = 0.20 mm, 4x = 0.04 mm, kyr = 22-23 mL/hr/mmHg, mean pore size = 5-6 nm), the
LS-3 (PD = 60% and L/D ratio = 9.3) had the most optimal solute removal performance and safety
profile. Chapter 5 explored the impacts of various design factors on internal filtration (convection
effects), as well as the mechanisms that influence MM removal performance. Furthermore,
experimental verification was conducted by constructing a multiple linear regression model of
design factors and Qr.max. Finally, an accurate and practical design equation was proposed to

quantify the design factors influencing CRRT filters and convection effects: Qp_max =

—34.775 + 4.749 X % + 2.293 X %, where the impacts of N/D? and L/D ratio on Qir-max are 15.0%
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and 85.0%, respectively. With the range of parameters evaluated in our study (CVVHD mode, Qg;
=100 mL/min, Qp = 16.7 mL/min (= 1000 mL/hr); PSf hollow fiber membrane (d = 0.20 mm, 4x
= 0.04 mm, kyg = 22-23 mL/hr/mmHg, mean pore size = 5-6 nm); PD, 50%-60%; L/D ratio, 2.9-
9.3), the design equation is generalizable. Through simple substitution of design factor parameters
without the requirement for filter sample production or experimental investigation, the proposed
design equation was able to effectively quantify the convection effects of CRRT filters with
different design factors, thereby predicting MM removal performance.

Considering the widespread application of CRRT in critical care medicine and nephrology,
improvements in CRRT filter performance are expected to have major impacts on clinical
treatment effectiveness. This study conducted a series of analyses concerning the impacts of
design factors on CRRT filter performance and established a complete evaluation system, which

has significant implications for the development of new CRRT filters.
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Nomenclature

Qg, blood flow rate [mL/min]

Qg, blood flow rate at the inlet of the filter [mL/min]

Qgo, blood flow rate at the outlet of the filter [mL/min]

Qp, dialysate flow rate [mL/min]

QF, filtrate flow rate [mL/min]

Qur, ultrafiltration flow rate [L/hr]

Qr, replacement solution flow rate [L/hr]

d, inner diameter of hollow fiber [um]

Ax, membrane thickness [pum]

L, effective length of hollow fiber [mm]

R,, overall resistance of a solute to diffusion mass transfer by the filter [m™]
Rg, mass transfer resistance of the blood boundary layer [m™]
Ry, mass transfer resistance of the membrane itself [m™]

Rp, mass transfer resistance of the dialysate boundary layer [m™]
C., clearance [mL/min]

Cagi, sample concentration at the blood inlet [mmol/L]

Cgo, sample concentration at the blood outlet [mmol/L]

KoA, overall mass transfer area coefficient [mL/min]

A, effective membrane area [m?]

Ko, overall mass transfer coefficient [m/s]

Kg, mass transfer coefficient of the blood boundary layer [m/s]
Kw, mass transfer coefficient of the membrane itself [m/s]

Kp, mass transfer coefficient of the dialysate boundary layer [m/s]
A,, nominal membrane surface area [m?]

N, number of hollow fibers [-]

N+, number of mass transfer units [-]

Z, blood flow to dialysate flow ratio [-]
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E, dialysis efficiency [-]

QiF-max, the maximum internal filtration flow rate [mL/min]
S, cross-sectional area of the hollow fibers [m?]

Qswm, the minimum blood flow rate [mL/min]

Vg, inlet blood flow velocity [m/s]

Vgwm, the minimum blood flow velocity [m/s]

APg, pressure drop on the blood side [Pa]

APp, pressure drop on the dialysate side [Pa]

Pg), inlet pressure on the blood side [Pa]

Pgo, outlet pressure on the blood side [Pa]

Pp, inlet pressure on the dialysate side [Pa]

Ppo outlet pressure on the dialysate side [Pa]

P, filtrate pressure [Pa]

g, Viscosities of the blood [Pa 5]

Up, Viscosities of the dialysate [Pa s]

De, equivalent diameter of the dialysate flow path [mm]
Sp, cross-sectional area of the dialysate flow path [m?]
TMP, transmembrane pressure [mmHQ]

Ku, ultrafiltration coefficient [mL/(hr mmHg)]

R., concentration polarization mass transfer resistance [m™]
R,, total mass transfer resistance [m™]

Ry, mass transfer resistance of the protein cake layer [m™]
J, permeation flux [L/m?/hr]

L, filtrate viscosity of the membrane [Pa s]

SC, sieving coefficient [-]

Cr, protein concentration of the filtrate [mg/mL]

Mg, amount of albumin filtered [mg]

D, inner diameter of the housing [mm]

PD, hollow fiber packing density [%]
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by, regression coefficient of N/D? [mL €m?/min]
b,, regression coefficient of L/D ratio [mL/min]
bo, @ constant term [mL/min]

By, standard coefficient of N/D?[-]

B, standard coefficient of L/D ratio [-]
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