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Preface

There is an increased incidence of chronic kidney disease (CKD) progressing to
renal failure, as our aging population continues to expand across the globe. Hence,
the number of people indicated for renal replacement therapy in the form of dialysis
(hemodialysis and peritoneal dialysis) and renal transplantation is also increasing.
National and international registry data have highlighted the growing incidence and
prevalence of renal replacement therapy. Renal replacement therapy is not an appro-
priate option for all adults. Older patients living with advanced frailty status and a
high number of comorbidities may prefer supportive care without renal replacement
therapy to achieve a better quality of life in the short time they have left consider-
ing their poor overall prognosis. For those who are deemed suitable candidates for
renal replacement therapy, there are many facets of care to consider in aiming for the
successful delivery of renal replacement therapy — from guiding patient choice and
educating patients regarding their preferred modality of renal replacement therapy to
optimizing treatment adequacy and managing treatment-related complications,

to ensuring there are appropriate levels of caregiver and financial support, and to
integrating advances in innovation and technology in maximizing renal replacement
therapy outcomes.

Renal failure may also occur as a result of acute kidney injury (AKI), which could be
due to CKD and/or other causes. Renal replacement therapy in the form of continuous
renal replacement therapy or other dialysis modalities may be indicated within an
intensive care setting. For individuals in these circumstances, there are challenging
decisions to make on whether to initiate renal replacement therapy, selection of renal
replacement therapy modality, prescription and optimization of renal replacement
therapy in intensive care, and at what point it may be in the patient’s best interest to
withdraw renal replacement therapy and consider palliative treatment.

This book provides a comprehensive global update on the delivery of renal replace-
ment therapy, featuring extensive discussion on recent advances within various
aspects of this topical area.

Dr. Henry H.L. Wu

Renal Research,

Kolling Institute of Medical Research,

The University of Sydney and Royal North Shore Hospital,
Sydney, Australia






Chapter1

Renal Replacement Therapy in
Intensive Care Unit

Dhaval Patel, Hussain Majeed, Megan Joseph and Gurleen Kaur

Abstract

This chapter presents a comprehensive overview of the latest advancements
in renal replacement therapy (RRT) including Continuous Renal Replacement
Therapy (CRRT), focusing on key topics such as acute kidney injury (AKI), renal
replacement techniques, patient selection, vascular access, dialyzer membranes,
anticoagulation strategies, optimal RRT prescription, drug dosing, laboratory
monitoring, and complications of RRT. The incidence of AKI in intensive care
unit (ICU) is estimated to be from 5% to 50%. It carries substantial morbidity
and mortality. In this chapter, we aim to emphasize the significance of AKI in ICU
and indications that necessitate effective RRT. The chapter explores various renal
replacement techniques with emphasis on CRRT, including continuous venove-
nous hemodialysis, hemodiafiltration, and hemofiltration. The clinical indica-
tions and contraindications for CRRT are discussed. Vascular access options,
dialyzer membrane characteristics, and anticoagulation strategies are examined,
providing insights into their impact on treatment outcomes and patient safety.
Additionally, highlighted points include the importance of optimal RRT prescrip-
tion, drug dosing adjustments, and laboratory monitoring in CRRT. It addresses
potential complications associated with CRRT and offers strategies for their
prevention and management. Overall, this book chapter aims to serve as a valu-
able guide for healthcare professionals, providing them with updated information
to optimize patient care and improve outcomes in individuals with AKI undergo-
ing RRT in ICU.

Keywords: renal failure, acute kidney injury, continuous renal replacement therapy
(CRRT), hemofiltration, hemodialysis, peritoneal dialysis

1. Introduction
1.1 Acute kidney injury

Acute kidney injury (AKI) is a widespread problem. It is often used interchangeably
with acute renal failure. The incidence of AKI in intensive care unit (ICU) is wide
ranging from 5% to 50% and specific to the type of ICU. AKI can have quite a profound
impact on the patient and is associated with severe morbidity and mortality. Mortality
can range from 40% to >60%. There are consensus definitions of AKI, and they are
broken down into three types.
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1.2 KDIGO criteria

An AKI can be defined or diagnosed by various criteria. The most used criteria are
the KDIGO (Kidney Disease Improving Global Outcomes) criteria. Others include
RIFLE (Risk, Injury, Failure, Loss of kidney function and End-stage kidney disease)
and AKIN (Acute Kidney Injury Network) criteria. KDIGO defines AKI as:

* Increase in serum creatinine by greater than or equal to 0.3 mg/dl within 48 hours

* Increase in serum creatinine greater than equal to 1.5 times baseline which is
known or presumed to have occurred within the past 7 days or

* Urine volume less than 0.5 ml/kg/h for 6 hours.
1.3 Types of AKI: pre-renal vs. intrinsic vs. post-renal

AKI can be broken up into pre-renal, intrinsic, post-renal causes. Pre-renal is
caused when the kidney has ischemia due to decreased generalized perfusion or spe-
cifically to the kidney. This can occur through many processes such as hypovolemia,
hypotension, hemorrhage, acute heart failure exacerbation, ACE inhibitor use etc.

Intrinsic renal disease can be caused by many varied factors. Renal vascular
disease can affect small and large vessels within the kidney. These can be caused by
vasculitis, microangiopathic and hemolytic anemias, malignant hypertension, etc.
Intrinsic disease can also be glomerular disease that can be primary or secondary to
systemic disease. This can cause nephritic or nephrotic pattern of disease. Tubular or
interstitial can cause intrinsic disease that causes AKI, also known as ATN, these are
caused by ischemic or nephrotoxic exposure, such as medications or contrast dye.

Lastly, post-renal disease is obstructive and can be anywhere in the urinary tract.
This can be due to prostatic disease, nephrolithiasis, cancer, etc.

1.4 KDIGO criteria - AKI severity staging

KDIGO guidelines [1] split severity into three groups based on specific creatinine
levels and urine output (Table1).

Other guidelines such as RIFLE use reduction in GFR as well. Though both serum
creatinine and urine output can be used to diagnose, serum creatinine tends to be a
stronger predictor of ICU mortality whereas urine output does not independently
predict mortality. Some studies suggest that when both criteria were met, elevated

Stage Serum creatinine Urine output

Stage 1 ¢ Increase in sCr to 1.5-1.9 times baseline * UOP <0.5 ml/kg/h for 6-12 hours
* Increase sCr by >0.3 mg/dl

Stage 2 * Increase in sCr to 2.0-2.9 times baseline * UOP < 0.5 ml/kg/h for >12 hours

Stage 3 * Increase in sCr to 3 times baseline * Improved hemodynamic stability compared to

* Increase in sCr to >4.0 mg/dl standard THD

¢ Anuria for >12 hours

Table 1.
KDIGO AKI stages [1].
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serum creatinine and reduced urine output, the risk of death or use of RRT was more
strongly correlated. Urine output is also dependent on fluid intake, if the patient has
limited fluid intake even a healthy individual cannot meet this criterion. Because of
this many experts do not agree on diagnosing of an AKI based solely on urine output.

2. What are the types of renal replacement techniques?
2.1 What is renal replacement therapy?

Renal replacement therapy (RRT) is for patients with severe kidney injury.
Hemodialysis is a method that uses a dialysis machine to filter the patient’s blood and
remove waste products and any volume surplus. The machine uses catheters that fit
into the venous system, arteriovenous fistula (AVF) or arteriovenous grafts (AVGs)
that will drain the blood and replace it after it is cycled through.

Blood flows through the hemofilter and comes to a semipermeable membrane,
using the process of diffusion to separate waste and volume from the patient’s blood.
The smaller contents such as water and electrolytes can be filtered through and larger
molecules such as cells and proteins are maintained in the blood. The semipermeable
membrane has different pore sizes that can determine what is able to move through,
10-100 angstroms that will allow smaller molecules <5000 Da.

For diffusion to occur a change in concentration must pull certain toxins and water
from the blood out of the circulation. A dialysate fluid is used around the semiperme-
able membrane to provide the concentration difference. Dialysate fluid usually uses
bicarbonate as a buffer such that bicarbonate can be added to the blood; it can have
low levels of potassium so that potassium from the blood can be pulled out. Dialysate
runs countercurrent to the plasma to maximize the solute difference on both sides.

Multiple modalities of RRT are available, categorized as intermittent hemodialy-
sis (IHD) and continuous renal replacement therapy (CRRT). IHD can be used in
patients who are more hemodynamically stable. It can also be used for patients on
lower dosing and stable requirement of pressors in ICU at the discretion of nephrolo-
gist and critical care physician. They get HD at different intervals depending on need
and renal function. CRRT or continuous dialysis is usually 24 hours a day and is used
in an ICU setting. There are also hybrid therapies such as sustained low efficiency
dialysis (SLED) and extended duration dialysis (EDD). Hybrid therapies are used
infrequently, though, this tends to be ICU and institution specific.

CRRT machines can do hemodialysis as described above with diffusive clearance.
They can also use hemofiltration which is a convective clearance. The fluids are
removed with hydrostatic pressure so that all the toxins and electrolyte abnormalities
are removed from the plasma. This can remove small, medium, or large solutes. The
greater the fluid movement the more “solute drag” is had, where solutes are moved
out of the plasma because of the force of fluid movement. Replacement fluid is then
added back to the plasma. The fluid is physiological and contains electrolytes and
proteins that are closer to what the body needs or should have. The replacement fluid
will have normal concentrations of potassium, bicarbonate, etc. The replacement
fluid can be added before the filtration which would dilute the plasma and cause less
solute clearance. However, it can prevent clotting and preserve the filter. When added
after filtration it is called post-dilution. This can allow for more solute clearance but a
higher chance of clotting. A mix of both will allow for balancing the negative conse-
quences. This added fluid will be pulled out through ultrafiltration.
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Ultrafiltration works by having fluid cross a semi-permeable membrane. This is
done in response to a pressure gradient that can be osmotic, oncotic, or hydrostatic.
There can be positive pressure in the plasma pushing fluid out or negative pressure in
the dialysate drawing fluid from the plasma. This creates a transmembrane pressure
that can control how much fluid is being drawn from the blood.

There are multiple types of CRRT modalities depending on the needs of the
patient. These include continuous venovenous hemofiltration (CVVH), continuous
venovenous hemodialysis (CVVHD), and continuous venovenous hemodiafiltration
(CVVHDF).

CVVH uses hydrostatic pressure with the concept of convection that removes
solutes and dialysate fluid is not used. The fluid pulled from the plasma is high, about
20-25 ml/kg/h so there is significant volume depletion. This must be replaced accord-
ing to the goal that is desired for maintaining even fluid balance or a net negative bal-
ance. The addition of fluid dilutes the elevated concentrations of solutes such as urea
or creatinine. Predilution also allows urea to be moved out of RBCs into the plasma so
once it goes through the filter it can be removed easier.

CVVHD removes solute by diffusion, in which dialysate is used. This is how
hemodialysis is done generally and the dialysate fluid runs countercurrent at a rate
of 1-2 1/h. The ultrafiltration in this setting is based on desired fluid removal that is
desired; no IV fluid replacement is needed.

CVVHDF combines these two modalities. It uses replacement of fluid and dialy-
sate to pull solutes as well as dilute the plasma. The ultrafiltration volume is variable
and replacement fluid is used to maintain volume status.

SLED, or sustained low-efficiency daily dialysis, is a term to describe prolonged
intermittent kidney replacement therapy (PIRKT). The indication is AKI requir-
ing dialysis and they are patients who are too hemodynamically unstable to tolerate
standard IHD. SLED is an alternative to CRRT. CRRT, blood pressures are more stable
compared to standard intermittent RRT, because the rate of solute and fluid is slower.
Mortality rates are comparable with other forms of RRT, including CRRT. PIKRT
should be performed at least three times per week to provide adequate dialysis dose.
The time per session ranges from 6 to 18 hours. But typically, is about 8 hours per ses-
sion. Truly, the length of the session depends on the need of the patient and the hemo-
dynamic stability. A systemic review by Aldahbi et al. published in 2021 [2] found no
advantage of using CRRT over SLED in hemodynamically unstable AKI patients.

SCUF (slow continuous ultrafiltration) is a RRT technique that removes excess
fluid and solutes from the blood in a gradual and continuous manner. This method
operates at a slower rate, minimizing abrupt shifts in fluid and electrolyte balance and
reducing the risk of hemodynamic instability in critically ill patients. Unlike CRRT,
SCUF primarily focuses on fluid removal rather than solute clearance, making it a
suitable choice for patients with fluid overload but stable solute levels. However, it
may not be as effective in managing severe electrolyte imbalances or uremic toxins as
other dialysis modalities.

Peritoneal dialysis (PD) is another modality that can be used. This involves using
the patient’s peritoneal membrane, the thin membrane that lines the abdominal
cavity, as a filter to remove waste products and excess fluid from the body. A catheter
with two tubes is placed surgically into the patient’s abdomen; one tube is used for
inserting the fluid and the other is used for draining the used solution. The solution
contains a specific concentration of electrolytes and dextrose that pulls waste prod-
ucts and excess fluids. It remains in the cavity for a certain amount of time, known
as the dwell time. This allows the peritoneal membrane to act as a semi-permeable
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RRT type Description Advantages Disadvantages
Continuous * Uses hydrostatic pressure and * Effective removal * Requires significant
venovenous convection to remove solutes of solutes and fluid volume replacement
hemofiltration through a filter. through convection
* Dialysate fluid is not used.
* High fluid removal rate of
20-25 ml/kg/h, requiring
replacement fluids to maintain
fluid balance.
* Predilution dilutes elevated
concentrations of solutes and
aids in their removal.
Continuous * Removes solutes by diffusion * Well-established * Limited solute clear-
venovenous using dialysate fluid. technique similar to ance compared to other
hemodialysis « Dialysate runs by counter- standard hemodialysis modalities
current atarate of 1to 2 1/h.
* No IV fluid replacement is
needed, and ultrafiltration is
based on desired fluid removal.
Continuous * Combines hemofiltration and * Enhanced solute * Increased complexity
venovenous hemodialysis. clearance compared to and requirement for
hemodiafiltration CVVH and CVVHD replacement fluid

Uses both replacement fluid
and dialysate to remove solutes
and dilute plasma.

Variable ultrafiltration volume
and replacement fluid are used
to maintain volume status.

Sustained low-
efficiency daily
dialysis

PIRKT for hemodynamically
unstable patients.

An alternative to CRRT.

Solute and fluid removal rate is
slower, providing more stable
blood pressures compared to
standard IHD.

Typically performed at least
three times per week with
session durations ranging from
6 to 18 hours, often around

8 hours.

* Improved hemo-
dynamic stability
compared to standard
IHD

* Longer session dura-
tions may limit patient
mobility and comfort

Slow continuous
ultrafiltration

Gradual and continuous
removal of excess fluid and
solutes.

Focuses on fluid removal rather
than solute clearance.

Slower rate minimizes abrupt
shifts in fluid and electrolyte

balance, reducing the risk of

hemodynamic instability.

Suitable for patients with fluid
overload but relatively stable
solute levels.

* Minimizes hemody-
namic instability and
electrolyte shifts

* Limited solute clear-
ance compared to other
modalities
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RRT type Description Advantages Disadvantages
Peritoneal dialysis * Uses the peritoneal membrane  Convenient and can ¢ Limited solute clear-
in the abdomen as a filter. be performed at home ance compared to other
* Dialysis solution is introduced modalities
into the peritoneal cavity, * May not be suitable
allowing waste products and for patients with high
excess fluid to diffuse across solute loads

the peritoneum.

* Multiple exchanges are
performed throughout the day
or overnight.

* No anticoagulation required.

* Not suitable for emergencies
or patients with abdominal
scarring.

* Requires time for catheter
insertion and is not ideal for
life-threatening hyperkalemia
or pulmonary edema.

Table 2.
RRT types along with their respective advantages and disadvantages [2, 3].

membrane. After the dwell time, the dialysis solution that now has waste products
and excess fluid is drained out by gravity using the cycler machine. This process

of fluid going in, dwelling, and draining is repeated multiple times during the day

or overnight depending on the patient’s requirements. PD has certain advantages,
namely: it does not require anticoagulation, it is better tolerated and is cheaper

than using an expensive dialysis machine and dialysis nurse or tech. However, it’s

not always feasible to emergently place a PD catheter when emergency dialysis is
required. It’s preferred that at least 2 weeks be allowed before using the PD catheter
after it is inserted. Because the solute and volume clearance are slow, it is not a desir-
able choice for life-threatening hyperkalemia or pulmonary edema. Patients who have
had abdominal surgery or peritoneal scarring cannot use the peritoneum as a dialytic
membrane (Table 2).

3. Clinical indications and contraindications

CRRT is indicated in severe AKI in hemodynamically unstable patients. Many
patients in the hospital have a mild AKI in the setting of acute tubular necrosis, drug
induced nephropathy, or pre-renal hypoperfusion, these will require IV fluids and
time and, the kidneys will recover. ICU patients tend to have more severe cases of
AKI with significant tubular necrosis where fluid resuscitation may not improve the
kidney function.

Indications for CRRT [4]:

1.Fluid overload: CRRT can help to remove excess fluid from the body in patients
with fluid overload, which can occur because of heart failure, liver failure, or
other medical conditions.
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2.Electrolyte imbalances: CRRT can be used to correct electrolyte imbalances in
the blood, such as hyperkalemia, hypernatremia, and metabolic acidosis.

3.Toxin removal: CRRT can be used to remove toxins from the blood, such as those
that result from drug overdoses, poisonings, or metabolic disorders as well as in
uremia.

Relative contraindications for CRRT:

1. Bleeding disorders: Patients with bleeding disorders or who are at elevated risk
of bleeding may not be good candidates for CRRT, since the anticoagulants used
in CRRT can increase the risk of bleeding.

2.Hemodynamic instability: Patients with severe hemodynamic instability, such as
those with severe hypotension, may not be able to tolerate the fluid and electrolyte
shifts that can occur during CRRT.

3. Active infection: Patients with active infections or who are at elevated risk of
infection may not be good candidates for CRRT, since the use of a catheter to
connect the patient to the CRRT machine can increase the risk of infection.

4. Coagulopathy: Patients with coagulopathy, or who are at elevated risk of devel-
oping blood clots, may not be good candidates for CRRT, since the hemofilter
used in CRRT can promote clot formation.

4. Types of vascular access

Vascular access involves the insertion of a catheter into a large vein to provide
access for the CRRT machine. There are several types of vascular access options avail-
able for CRRT for placement of central venous catheters (CVCs). Either subclavian
vein, internal jugular vein or femoral vein can be used for CVC placement. CRRT
capable catheters need to be able to handle blood flow of 200-250 ml/min. Internal
jugular vein is the preferred site.

Given that vascular access is required for CRRT, the introduction of a vascular
catheter into a vein always poses a risk of infection. The femoral site has been com-
monly known to carry a higher risk of infection as compared to other potential sites
of vascular access such as jugular or subclavian veins. Typical risk factors for infection
include improper catheter care, prolonged catheterization, immunocompromised
status, and underlying comorbidities.

Interestingly, a large trial in JAMA in 2008 (by Parienti et al.) [5] found that, in
terms of infections and its complications, jugular and femoral sites were equivalent.
However, internal jugular vein insertion may be preferable in obese patients.

According to a systematic review and meta-analysis published in the Journal of
Critical Care in 2019 (by Clark et al.) [6], the overall rate of catheter-related blood-
stream infection (CRBSI) in CRRT was approximately 7.4 per 1000 catheter-days.
However, the specific infection rates associated with femoral vascular access were not
explicitly mentioned in the study.

The right internal jugular vein is the preferred site for a temporary catheter
in CRRT due to its direct route to the superior vena cava. The catheter tip should

7
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be positioned at the junction of the SVC and the right atrium. The left jugular
vein has a more indirect path to the right atrium, potentially causing inadequate
blood flows and filter issues. The femoral veins are a secondary option due to
their accessibility. Subclavian veins are used as a last resort due to concerns about
stenosis, especially if the patient may require an AVF or AVG in the same arm in
the future.

Subclavian vein stenosis in CRRT is a potential complication, though its exact inci-
dence varies. Prolonged catheter use, catheter-related factors, and individual patient
characteristics contribute to its development. Rates range from 1% to 10%. Careful
catheter insertion techniques, appropriate catheter size selection, and regular moni-
toring are important for mitigating the risk. Prompt evaluation and intervention,
such as percutaneous transluminal angioplasty (PTA), may be necessary if subclavian
vein stenosis occurs to maintain effective CRRT.

A recent study by Xu et al. [7] evaluated the safety and efficacy of a newly
developed PTA technique for maintaining vascular access in patients undergoing
CRRT. The study found that the PTA technique was safe and effective in maintaining
vascular access in patients with central venous stenosis, and it significantly reduced
the incidence of catheter-related infections and thrombosis. The study recommended
the use of the PTA technique for the maintenance of vascular access in patients with
central venous stenosis undergoing CRRT.

Transhepatic and trans lumbar approaches are alternative methods for dialy-
sis access when traditional options are not possible. The transhepatic approach
involves inserting a catheter through the liver, while the trans lumbar approach
involves accessing the lumbar vein through the lower back. These methods require
expertise in interventional radiology and carry risks such as infection and catheter
dysfunction. They are temporary solutions until more permanent access can be
established.

In summary, vascular access is a critical aspect of CRRT, and the choice of access
site should be individualized to each patient’s clinical condition.

5. Dialyzer membrane

In both IHD and CRRT, standard dialyzers are used. Semipermeable hollow fiber
dialyzers are the current standard of care. KDIGO suggests using a biocompatible
membrane for both IHD and CRRT (2C) [1].

There are many distinct types of membranes available. Modified cellulose and
synthetic membranes such as ones made from Poly sulfone are thought to be compat-
ible membranes. All dialyzers activate the complement system. The dialyzer mem-
brane that activates the complement system such that it leads to fever, hypotension,
vasodilation, leucopenia, and hypoxia are “bioincompatible”. It should be noted that
a Cochrane meta-analysis in 2008 [8] did not show any difference between bioincom-
patible and biocompatible membranes.

The other property to be considered is flux. Flux is the permeability of dialyzer
membrane. Clearance of beta-2 microglobulin defines low (<10 cc/min), medium
(10-20 cc/min) and high (>20 cc/min) flux, respectively. It has been a matter of
debate whether high flux membranes would be more beneficial as it can clear larger
solutes. To this point, there is some evidence from a couple meta-analyses that showed
potential benefit for high flux dialyzer membrane in hemodialysis patients [9].

A well-designed RCT is needed to further study this.
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6. Anticoagulation

CRRT requires anticoagulation to prevent clotting of the extracorporeal circuit,
which can lead to circuit failure, decreased filter life, and an increased bleeding risk.
There are several different methods of anticoagulation for CRRT [10], including:

* Unfractionated heparin (UFH)

* Low molecular weight heparin (LMWH)
* Regional citrate anticoagulation (RCA)

* Prostacyclin

The choice of anticoagulant is based on a variety of factors, including the patient’s
underlying medical conditions, bleeding risk, and the preference and experience of
the treating physician.

6.1 Unfractionated heparin

UFH is a commonly used anticoagulant for CRRT. It works by binding to anti-
thrombin III, which subsequently inhibits thrombin and other coagulation factors.
Dosing is typically titrated to achieve a target activated partial thromboplastin time
(aPTT) or activated clotting time (ACT). Typical ranges for aPTT are between
45-60 seconds and 180-220 seconds for ACT. UFH carries the often-cumbersome
need for careful monitoring of the patient’s clotting function and frequent dosing
adjustments to maintain the target aPTT or ACT.

6.2 Low molecular weight heparin

LMWH is another type of heparin occasionally used for CRRT. It has a similar
mechanism of action to UFH, but comparatively holds a lower affinity to anti-
thrombin III. As a result, they have a more predictable anticoagulant effect. As such,
LMWH does not require monitoring of clotting function, and dosing is usually based
on the patient’s weight.

6.3 Regional citrate anticoagulation

RCA is a method of anticoagulation involving the infusion of citrate into the extra-
corporeal circuit. Citrate’s mechanism of action is binding to ionized calcium, which
is necessary for the activation of coagulation factors. By chelating ionized calcium,
citrate inhibits coagulation within the circuit. RCA also requires careful monitoring
of the patient’s acid-base and electrolyte status, as citrate metabolism can lead to
metabolic alkalosis, hypocalcemia, and hypernatremia. However, these effects can be
diminished by infusing calcium into the circuit and using a low bicarbonate dialysate
or chloride based intravenous fluids. Using a higher chloride citrate solution can also
blunt the alkalotic effect. Hypernatremia can be prevented by using lower sodium
dialysate or appropriate replacement fluids.

A recent meta-analysis published in 2022 compared the efficacy of citrate vs.
heparin anticoagulation in critically ill patients on undergoing CRRT [10]. The study
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Anticoagulation method Mechanism Advantages Disadvantages
Unfractionated heparin Binds to Widely available, Increased bleeding risk,
antithrombin III, reversible, familiar requires monitoring,
inhibits thrombin dosing heparin-induced
and factor Xa thrombocytopenia
Low molecular weight Binds to Longer half-life, Risk of bleeding,
heparin antithrombin III, predictable dosing accumulation in renal
inhibits factor Xa dysfunction, expensive

more than thrombin

Regional citrate Citrate infused Reduced bleeding Need for calcium
anticoagulation pre-filter, calcium risk, no systemic monitoring, risk of
replacement anticoagulation metabolic derangements
post-filter required
Table 3.

Comparing major types of anticoagulation in CRRT [10].

noted no significant difference in mortality, metabolic alkalosis, and circuit loss
between the two groups. It did note that the citrate group had the advantage of an
overall longer filter life and significantly lower risk of bleeding and heparin-induced
thrombocytopenia. As such, RCA was deemed to have priority for CRRT in critically
ill patients (Table 3).

6.4 Monitoring clotting function and dosing

It is essential to monitor the clotting function of the blood during CRRT and adjust
the anticoagulant dosing accordingly.

During CRRT, the clotting function of the blood is monitored using either the
aPTT or the ACT. The aPTT measures the time it takes for clotting to occur ina
blood sample after the addition of an activator, while the ACT measures the time
it takes for clotting to occur in a blood sample after the addition of an activator
and a contact activator. Both tests are used to monitor the effectiveness of UFH
anticoagulation.

The dose of UFH for CRRT is typically titrated to achieve a target aPTT or ACT.
The initial dose is usually 500-1000 units per hour, with adjustments made every
4-6 hours based on the patient’s clotting function. LMWH dosing is based on the
patient’s weight, with dalteparin typically given as a subcutaneous injection at a dose
of 5000 units every 12 hours. There is insufficient data to currently recommend for
the use of LMWH in CRRT circuit.

RCA dosing is based on the infusion rate of citrate, which is typically started at
arate of 4-6 mmol/min and adjusted based on the patient’s ionized calcium levels
(iCa). Goal is to maintain iCa between 1 and 1.4 mg/dl (0.25-0.35 mmol/I).

6.5 Complications

Despite appropriate anticoagulant dosing and monitoring, complications can still
occur during CRRT. One of the main complications of CRRT is circuit clotting, which
can lead to decreased filter life and increased risk of bleeding. Other complications
include bleeding from anticoagulation, metabolic derangements from RCA, and
hypotension from the fluid removal during CRRT.
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6.6 Conclusion

The choice of anticoagulant for CRRT is a complex one that should be made ona
case-by-case basis. There is no single “best” anticoagulant, and the best choice will
vary depending on the patient’s individual circumstances.

7. Optimal RRT prescription, initiation timing, drug dosing, and lab
monitoring, complications of RRT

7.1 Optimal RRT modality

The choice of RRT depends on the institution, resources available, nurses train-
ing and patient’s clinical status. Either IHD, PD, PIKRT such as SLED or CRRT can
be used in ICU. CRRT tends to be the preferred modality in most ICUs. Given, CRRT
does not require blood flow rates as high as IHD, CRRT tends to be the preferred
modality for hemodynamically unstable patients. However, there is not any evidence
that supports one modality over another.

A systematic review and meta-analysis published in 2021 (by Ye et al.) [11] compared
different modalities of RRT through 31 randomized controlled trials. The review concluded
that there was no overall difference in mortality between CRRT and IHD. However, CRRT
was noted to increase renal recovery compared to IHD. Slow-efficiency extended dialysis
with hemofiltration may be the most effective intervention at reducing mortality, but more
research is needed. PD is associated with good efficacy and the least number of complica-
tions but may not be practical in all settings. ICU clinicians should feel comfortable that the
differences between CRRT, IHD, slow efficiency extended dialysis, and PD are small, and
any of these modalities is a reasonable option to employ in critically ill patients.

SLED can be useful if the patient requires multiple procedures that would inter-
rupt CRRT, Since CRRT needs to be operating with as few interruptions as possible
over 24 hours. Some institutions use SLED to transition patients from CRRT to
standard IHD as hemodynamic stability improves.

One meta-analysis found no statistically significant difference between SLED
and CRRT regarding patient-centered outcomes such as mortality, kidney function,
recovery, dialysis dependence, length of stay in ICU, and fluid rate. SLED is also
generally less expensive to administer and has similar safety for patients as CRRT.

Timing of onset: Multiple trials have compared the timing of RRT initiation in
critically ill patients with AKI. Early RRT initiation (within 12 hours of identification)
was not associated with improved outcomes and may be associated with increased
risk of adverse events. Delayed RRT initiation (until indications develop) is preferred
[12], but there are likely to be limits to how long RRT can be safely delayed. The
optimal timing of RRT initiation is still unknown.

* The STARRT-AKI trial [13] found no difference in mortality at 90 days between
patients who received early RRT and those who received delayed RRT. However,
patients who received early KRT were more likely to remain RRT-dependent at
90 days and to require rehospitalization.

* A meta-analysis of nine studies [14] found no difference in mortality at 28, 60,

or 90 days between patients who received early RRT and those who received
delayed RRT.
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* The AKIKI-2 trial [15] found that mortality was higher in patients who had RRT
deferred until an urgent indication developed or the BUN exceeded 140 mg/dL,
but the difference was not statistically significant.

Based on the available evidence, delayed RRT initiation is preferred in critically
ill patients with AKI. However, the optimal timing of RRT initiation is still unknown
and may vary depending on individual patient characteristics.

Session length: Session length depends on the modality of dialysis and patients’
ability to tolerate it. IHD is about 3-4 hours 2-3 times a week. PIKRT is 3 times a week
but for 8-16 hours a day. CRRT is optimally applied for 24 hours a day.

Dialysate flow rate: The flow rate ranges from 100 to 400 ml/min. The dialysate
flow rate is adjusted for the anticipated duration of the session. There is a finite
amount of dialysate volume per session, based on how much the machine can accom-
modate. If the session is needed to last more than 8 hours for example, a lower flow
rate may be needed. The dialysis flow rates for CRRT and PIKRT are lower than IHD
100-200 ml/min compared to IHD 300-400 ml/min.

CRRT dialysate dosing: The ‘Randomized Evaluation of Normal versus
Augmented Level of RRT’ (RENAL) trial [16] and the ‘Acute Renal Failure Trial
Network’ (ATN) [17] trials were two large clinical trials that evaluated the higher
intensity (40 or 35 cc/kg/h) vs. lower intensity (25 or 20 cc/kg/h) dosing of CRRT.
There was no difference found between lower intensity vs. higher intensity groups.
Lower intensity dosing is currently recommended.

Ultrafiltration rate: The rate is determined by hemodynamic stability and
urgency to remove excess fluid. With hemodynamically unstable patients, UF of
50 ml/h is a good starting place and can increase over time, However, if a patient is
severely volume overloaded and can tolerate higher volume removal, a much higher
ultra filtration rate can be targeted. For IHD, multiple liters of fluid negativity per
session can be targeted based on hemodynamic stability.

Blood flow: The highest blood flow that the catheter will allow is used. It is usually
initiated at100mL/min for CRRT and gradually increased to 200 cc/min. The higher
the blood flow, the less likely a clot forms in the extracorporeal circuit. IHD can be
initiated at 300-400 ml/min.

Drug Dosing: Volume of distribution, Vd and protein binding determine the
effectiveness of a drug for a patient on CRRT 24 hours a day. Ideally, an ICU pharma-
cist should help dose medications for patients on CRRT 24 hours a day. If a drug is less
than 2000 Da in weight, it might be readily removed on CRRT. Such drugs may need a
higher dosing than usual dosing. The higher the protein bound content, the lesser the
likelihood the drug will be cleared during CRRT. If a patient is volume overloaded, the
higher Vd should be accounted for compared to ideal body weight and drug should be
dosed accordingly. When possible and where available, follow plasma concentrations
of drugs to achieve therapeutic levels. If a patient is on intermittent dialysis, it may
be possible to dose a drug whose clearance may be affected by dialysis outside the
dialytic time.

Complications: The major complications Include hypotension and abnormali-
ties in electrolytes, albumin, calcium, and phosphate. As far as hypotension, PIKRT
or SLED is well tolerated. Like CRRT, the slow blood flow rates and low UF allows
hemodynamically unstable patients to tolerate it well. Hypophosphatemia only occurs
with prolonged or frequent PIKRT and requires phosphate supplementation.

It is typically recommended that electrolytes and acid-base status be monitored
every 6-12 hours initially for CRRT. Should the patient remain stable with minimal
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electrolyte changes after 24-48 hours, lab monitoring frequency can be further
spaced to every 12-24 hours.

In recent years, there have been some updates in CRRT monitoring technol-
ogy, aimed at improving the accuracy and efficiency of the process. For example,
newer CRRT machines now incorporate advanced sensors and algorithms that can
detect changes in blood flow and pressure, helping to prevent clotting and other
complications.

Another recent development is the use of electronic medical records (EMRs)
and data analytics tools to track patient outcomes and identify potential areas for
improvement. This approach has been shown to reduce errors and improve overall
quality of care in CRRT patients.
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Dialytic Treatment of Acute Renal
Failure in Children
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Abstract

Renal replacement therapy (RRT) ensures the removal of water and solutes that
are not or no longer sufficiently ensured by the kidneys: Acute renal failure (AKI)
remains the oldest indication, regardless of the patient’ age. All the methods of
extracorporeal purification (peritoneal dialysis, conventional hemodialysis, and
continuous extracorporeal purification) have been developed in children to compen-
sate for renal function when it becomes totally or partially inadequate, and primarily
or secondarily the RRT must be initiated without delay in life-threatening situations
(hyperkalemia, metabolic acidosis, lysis syndrome, pulmonary edema refractory to
medical treatment...). There are insufficient data to define the optimal time for initia-
tion of RRT outside of life-threatening situations. Despite the lack of specific studies,
the benefit of ERA in life-threatening situations seems reasonable, which is why most
experts recommend its use in these situations. The CRRT has proven its effectiveness
in pediatrics. The continuous and progressive nature of CRRT, particularly hemofil-
tration, makes it the therapy of choice for unstable ICU patients. The choice of the
RRT method in a given center is therefore based on the type of patient to be treated,
but also on technical availability, experience, and local skills.

Keywords: child, neonate, peritoneal dialysis, salt and water depletion,
hemodiafiltration, continuous extrarenal therapy

1. Introduction

Kidney failure, currently called acute kidney injury in children and adults
alike, is growing daily and can be life threatening if associated with organ failure.
The substitutive treatment of this renal failure is the renal replacement therapy
(RRT). This ensures the removal of water and fluids that are not or are no longer
sufficiently supplied by the kidneys: Acute renal failure (ARF) remains the old-
est indication, regardless of the age of the patients [1]. Our objective will provide
a synthesis in the area of RRT in children through a few literature reviews. The
incidence of the use of RRT varies in the published series from 0.7 to 2.4% of
admissions, that is, a maximum of 20 cases per year for the largest units [1-5]
and its occurrence worsens the life-threatening. Overall fluid overload is a factor
associated with mortality [1-6].
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2. Principles modalities of renal replacement therapy

Prior to the late 1980s, RRT was limited to peritoneal dialysis (PD) and hemo-
dialysis (HD). In intensive care, all the renal therapy methods (peritoneal dialysis,
conventional hemodialysis, and continuous extracorporeal purification, such as
hemofiltration (HF) and hemodiafiltration (HDF)) have been developed in children
to supplement renal function when it becomes insufficient in all or part, whether in
primary or secondary way. These methods became quickly very popular, especially
in Europe, and gradually gained prominence in intensive care units. HD is based
essentially on diffusion, hemofiltration on convection, and hemodiafiltration on the
diffusion/convection combination.

The advent of hemofiltration (HF) methods has provided resuscitators with thera-
pies that they have been able to appropriate more easily while reducing hemodynamic
complications but at the cost of reduced efficacy (clearance), thus justifying their
continued use [7].

For the convective modality, the exchanges take place through a semiperme-
able membrane according to a hydrostatic pressure gradient. An ultrafiltrate is
then removed from the patient’s blood, composed of plasma water and molecules
of a molecular weight less than the diameter of the pores of the membrane. A large
quantity of plasma water is thus withdrawn from the patient, requiring replacement
with a replacement liquid, either upstream of the filter (predilution) or downstream
(post-dilution).

The DP, therefore, does not require an extracorporeal blood circuit, the perito-
neum acts as a semi-permeable membrane, and the exchanges between the blood and
the dialysis solution (infused into the peritoneal cavity by a catheter placed by the
resuscitator in the peritoneal cavity) take place through the walls of the rich vascular
network of the peritoneal membrane, according to the concentration gradients.
Water extraction is possible by adding glucose polymers to the dialysate, creating an
oncotic pressure gradient that generates water transfer from the vascular sector to the
dialysate.

PD is the most commonly initiated technique in infants and newborns because of
the hemodynamic stability it provides, and the age and weight of the child.

The advantages and disadvantages of each method are summarized in Table 1.

Variable CRRT PD IHD
Continuous therapy Yes Yes No
Hemodynamic stability Yes Yes No

Fluid balance achieved Yes, pump controlled Yes/no, variable Yes, intermittent
Easy to perform No Yes No

Metabolic control Yes Yes Yes, intermittent
Optimal nutrition Yes No No

Continuous toxin Yes No/yes, depends on the No

removal nature of the toxin—Ilarger

molecules not well cleared

Anticoagulation Yes, requires No Yes/no, intermittent
continuous anticoagulation
anticoagulation
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Variable

CRRT

PD

IHD

Rapid poison removal

Yes/no, depending on
patient size and dose

No

Yes

Stable intracranial

Yes

Yes/no, less predictable than

Yes/no, less

pressure CRRT predictable than
CRRT
ICU nursing support Yes, high level of Yes/no, moderate level No, low level of
support of support (if frequent, support

manual cycling can be labor
intensive)

Dialysis nursing Yes/no, institution Yes/no, institution Yes

support dependent dependent

Patient mobility No Yes, if IPD used No

Cost High Moderate. Increases with High/moderate
increased dialysis fluid used

Vascular access Yes No Ye

required

Recent abdominal Yes No Yes

surgery®

VP shunt Yes Yes/no, relative Yes
contraindication

Prune belly syndrome Yes Yes/no, relative Yes
contraindication

Ultrafiltration control, Yes Yes/no variable Yes, intermittent

PD catheter leakage No Yes No

Infection potential Yes Yes Yes

Use in AKlI-associated Yes No Yes

inborn errors of

metabolism

Use in AKI-associated Yes No Yes

ingestions

“Omphalocele, gastroschisis, frequent or extensive abdominal surgery.
IPD intermittent peritoneal dialysis, VP ventriculoperitoneal, ICU intensive care unit.

Table 1.

Comparison of the advantages and disadvantages of continuous renal replacement therapies (CRRT) and

peritoneal dialysis (PD) and intermittent hemodialysis (IHD).

3. Indications for initiating acute dialysis in children

The decision to initiate acute dialysis depends first on fluid balance, degree of
azotemia, electrolyte disturbances, and acid-base metabolism.

In addition to renal causes (e.g., hemolytic uremic syndrome) or hemodynamic
causes (after cardiac intervention for congenital heart disease), in rare cases indi-
cations for acute dialysis are also intoxication (ethylene glycol, barbiturates) or a
metabolic disorder (urea cycle deficits and hyperammonemia).

For HD, HF, and HDF a central venous access with a large light is placed by the resus-
citator. The size of the central catheter depends on the weight of the child (Table2).

In low-weight newborns with problems getting blood to them, using two single-
lumen catheters in two different veins is an efficient alternative [8].
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Weight Catheter size
3-5kg 6,50 F (frequent surgical denudation)
5-20 kg 8F
20-30 kg 10F
>30kg 11-13F
Table 2.

Choice of bilumeric dialysis catheter size by child’s weight.

4. Peritoneal dialysis

It is a relatively simple technique, which can be used regardless of the age or weight
of the child, including the newborn or the premature because of the difficulties of vas-
cular access, the risk of bleeding, and hypotension in an extracorporeal circulation [9].

In case of respiratory distress, the child should be intubated and ventilated.

Access to the peritoneum may be possible by placing a rigid catheter near the resusci-
tator at the patient’s bedside or by placing a Tenckhoff catheter that is surgically intro-
duced with subcutaneous tunneling and positioning control, under cover of antibiotic
prophylaxis (2nd-generation IV cephalosporin, 20 mg/kg); it is heparinized at 500 IU/L.

The initial cycles last approximately 1 hour, with a volume of 10 mL/kg (at
the beginning to avoid leakage), with a 30-minute break to reach in 2 to 3 days an
optimal volume of recruitment of the peritoneal exchange surface, of the order of
30 to 50 mL/kg/cycle and according to the clinical needs and the patient’s tolerance.
Industrial solutions of neutral pH (bicarbonate buffer) are preferred, with iso-
osmolarity at first, and then use the intermediate osmolarity solution if necessary. A
glucose concentration of 3.8 to 4.2% is required in the case of a high water overload.
Risks of PD: leakage around the catheter, migration, catheter dysfunction, and
peritonitis. Hemodynamic tolerance is generally correct; occasionally there is pain
with abdominal filling.

5. Continuous hemofiltration (HF, HDF, continuous HD)

These techniques are preferred in respiratory and/or hemodynamic failure situ-
ations; they require the placement of a dialysis catheter), an HF machine, and a
biocompatible filter. The preferred ultrasound insertion site is the right internal
jugular vein in terms of purification quality [10, 11].

The femoral site is a perfectly acceptable alternative in the context of extreme
urgency and remains the most used in the English literature [12].

Machinery pumps (blood, dialysate, restitution) guarantee the accuracy of the
water balance. Pediatric filters with areas ranging from 0.2 to 1.2 m” are available in
all commercial markets depending on the brand of dialysis generator used (Figure 1).

A wide range of pediatric and neonatal Hemofilters, made of MediSulfone®
proprietary membrane, has been developed to create the best treatment for low-body-
weight patients.

Frequently, the circuit must be de-coagulated with heparin therapy (10 to 20 IU/
kg/hour to achieve an activated cephalin time between 50 and 65 seconds) or with
regional citrate anticoagulation (ionized calcium monitoring).
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Figure 1.
Diagram of a pediatric hemofilter.
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Figure 2.
Circuit diagrams for the various modes of continuous kidney replacement therapy (CKRT) by ref. [14] in Indian

] Pediatr. Blood flows from left to right from the patient to the blood pump and then to the filter, from which
it is veturned to the patient. (a) Slow continuous ultrafiltration (SCUF): In this modality, there is no diffusive
clearance and only ultrafiltrate (UF) is generated across the filter; this method is preferred for isolated UF
removal when kidney function is normal, (b) Continuousvenovenous hemofiltration (CVVH): Replacement
fluid is run eitherpre- or post-filter in a volume to replace the effluent; excess effluent is removed to ensure the
UF desired for negative fluid balance; clearance is convective vather than diffusive. (c) Continuous venovenous
hemodialysis (CVVHD): Blood flows across the filter in a countercurrent fashion with the dialysate fluid, and the
effluent predominantly consists of dialysate fluid with minimal, if any, UF, as in intermittent hemodialysis. (d)
Continuous venovenous hemodiafiltration (CVVHDEF): This modality combines CVVH with CVVHD, such that
the blood and dialysis fluid run in counter-current dirvections, the replacement fluid is either pre- or post-filter,
and the effluent comprises the dialysate and replacement fluids.

21



Updates on Renal Replacement Therapy

Blood flow (BF) ranges from 3 to 10 mL/kg/minute. The blood pump flow rate
should be at least 50 mL/min to maintain a filtration fraction <20%, which is easily
achieved with a functioning 8 Fr catheter and HF of 0.3 m? [13].

This corresponds approximately to 2000 mL/h for 1.73 m* (in HDF, it is necessary
to take into account the dialysate flow rate, or QD: total dose = QUF + QD).

In all cases, a filtration fraction (FF = QUF/[1 - Ht] x QS) of less than 15-20%
should be maintained to avoid coagulation of the filter.

In pure continuous hemofiltration (CVVH, CAVH) and in the course of the
derived methods which are the techniques without restitution (SCUF), the clearance
is ensured by convection (Figure 2).

The following table describes the advantages and disadvantages of each treatment
modality.

6. The choice of the therapeutic modality
6.1 Intermittent hemodialysis

Like HF, it requires a dialysis catheter, dialysis machine, and filter as well as a
water treatment system. It may be preferred for hemodynamically stable patients with
acute poisoning or acute decompensation of CKD to avoid costly and time-consuming
continuous use.

In children with intermittent hemodialysis lasting <6 hours, blood flow should
start at 3 ml/kg per minute and reach 5 ml/kg per minute in subsequent sessions, and
dialysate flow should be at least 300 ml/min up to twice the blood flow in ml/min [15].

Another method, sustained low-efficiency dialysis (SLED), is a form of pro-
longed intermittent renal replacement therapy (PIRRT), combines the advantages of
intermittent hemodialysis and CKRT, although the literature on the use of PIRRT in
children is limited [16].

6.2 When to start a dialysis session?

EER should be initiated without delay in life-threatening situations (hyperka-
lemia, metabolic acidosis, lysis syndrome, pulmonary edema refractory to medical
therapy [17]).

In children, water and sodium overload of more than 10% and most likely more
than 20% should be considered as a criterion for initiating an ERA.

Several series published in the literature have shown that water overload before
RRT is a risk factor for mortality [12, 17-22].

However, despite the absence of specific studies, the benefit of ERA in acute
prognostic situations seems reasonable, which explains why most experts recommend
using RRT in these situations [15, 23, 24].

The best time to start an RRT remains an unresolved question. Very few studies
have assessed the potential benefits of an early start to RRT.

The study of Gettings [25] in polytrauma patients treated with continuous tech-
niques shows greater survival when ERA was started before urea reached 20 mmol/l.

The beneficial impact of the dialysis dose on prognosis would be to start very early.
However, a start after relative hemodynamic stability has been achieved might be more
reasonable. Whatever the situation, the only certainty is that it is not necessary to wait
for the complications of nitrogen retention before starting the purification [26].
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A prospective randomized study by Bouman [27] compared an early onset of hemo-
filtration within 12 h of diagnosis of AKI to a later onset (urea greater than 40 mmol I,
serum potassium greater than 6.5 mmol 17, presence of pulmonary edema).

Time from diagnosis of ARF to onset of hemofiltration averaged 6 h in the early
group and 42 h in the late group. Survival between the two groups was identical.

A meta-analysis of 12 studies with 4880 participants of all ages found no significant
difference between early or late-onset dialysis in terms of survival but in terms of cost [28].

7. Impact of choice of dialysis modality

The choice of continuous therapy varies widely in the pediatric literature [29].

HDI has the obvious advantage of rapid ultrafiltration or solute removal over the
DP or RRTC.

In hemodynamically stable patients, no RRT modality is better suited than HDI for
rapid removal of an offending solute. This method of treatment is particularly impor-
tant in the following cases: cases of ingestion of drug toxicity, tumor lysis syndrome,
and hyperammonemia observed in the pediatric population [30-32].

For the ability to adjust the composition of the dialysate to treat various electrolytes
(i.e., hyperkalemia, hypernatremia) HD is a major advantage over DP or RRTC [33].

In some literature series, most hypernatremic dehydration in children was treated
with PD [34, 35].

Bunchman et al. [36] reviewed survival outcomes in 226 pediatric patients receiv-
ing various forms of RRT, including PD, IHD, and CRRT, over 7 years. Patients were
treated with CRRT (n = 106), IHD (n = 61), or PD (n = 59).

The survival rate is 54% of the overall population studied: 40% survival in the
group treated with hemofiltration, 49% in the group treated with peritoneal dialysis,
and 81% survival in the group treated with intermittent hemodialysis. (P < 0.01 HD
vs. HF or PD).

In a series of 62 children with organ dysfunction syndrome (22-fold related to
septic shock), continuous hemodiafiltration was more effective in controlling fluid
overload than peritoneal dialysis (Lowrie) [37].

The hemodynamic tolerance of intermittent hemodialysis has been studied in
adults [38, 39] but not in children, but in the Maghreb countries personal experience
has led us to take into consideration what the literature has offered us by taking spe-
cific measures (with respect to volume, reduction of the temperature of the dialysis
baths and sodium enrichment of the dialysis bath in particular, and daily dialysis
session [40]).

A new machine can perform KRT in neonates and young infants using low extra-
corporeal blood volume and a slow blood flow rate while permitting precise calibra-
tion of ultrafiltration (CARPEDIEM) NIDUS developed in French and countries
developed and confirming their safety and feasibility in infants with AKI [41, 42].

These machines are not marketed in india [43] and in the a Maghreb and in our
country we use Prismaflex ®, to deliver CKRT to infants.

8. Conclusion

The data for RRT modality choice in the treatment of pediatric AKI are limited.
At the present time, there have been no randomized clinical trials comparing PD vs.
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IHD vs. CRRT for the treatment of children with AKI and no prospective studies have
evaluated the effect of dialysis modality on the outcomes of children with AKI in the
ICU setting.

The decision about dialysis modality should therefore be based on local expertise,
resources available, and the patient’s clinical status.
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Chapter 3

Preservation of Peritoneal
Membrane Structure and Function
in Peritoneal Dialysis

Mathew George Kunthara

Abstract

Peritoneal dialysis (PD) is a type of renal replacement therapy which is based on the
use of peritoneum, which acts as a semipermeable membrane with diffusion and convec-
tion. Long term use can produce structural and functional changes of the membrane by
the activation of the resident fibroblasts and infiltrating inflammatory cells, mesothelial
to mesenchymal transition, further leading to fibrosis, angiogenesis and ultrafiltration
failure. This is due to use of bioincompatible fluids, frequent peritoneal inflammation,
uremic milieu and other multiple factors. The peritoneal fibrosis has two parts: fibrosis
and inflammation, which induces each other via TGF/SMAD pathway and IL-6 signal-
ing, respectively. The advent of newer biocompatible fluids along with additives has sig-
nificantly reduced the production of glucose degradation products (GDPs). In addition,
the identification of the biomarkers in peritoneal effluent is necessary, which, after being
correlated with peritoneal biopsy, may help us to guide future studies and assessment
of the efficacy of therapeutic interventions. Various interventions are being tried based
on experimental studies from animal models, pharmacology and gene therapy with
promising results, with new insights in near future. This article reviews the main aspects
associated with the functional and structural alterations related to PD and discusses
interventions whereby we may prevent them to preserve the peritoneal membrane.

Keywords: peritoneal dialysis, ultrafiltration, encapsulating peritoneal sclerosis,
mesothelial to mesenchymal transition (MMT), VEGF (vascular endothelial growth
factors), GDP (glucose degradation products)

1. Introduction

Peritoneal dialysis (PD) is a life-sustaining therapy used by 100,000 patients
with ESRD worldwide, accounting for approximately 10 to 15% of the dialysis
population [1]. Despite these benefits, only a small number of dialysis patients receive
PD, in Europe about 13% and in the USA about 10% and 6% in India [2, 3]. The major
obstacles for a successful long-term PD are infections and the deleterious functional
alterations in the peritoneal membrane following prolonged exposure to dialysis
fluids; which is responsible for increased morbidity and mortality. These alterations,
such as progressive fibrosis and vasculogenesis, leading to increased solute transport
and ultrafiltration (UF) failure, are seen in more than 50% of patients on PD.
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Rippe proposed the existence of three pores of different sizes in peritoneal mem-
brane: a large pore of 100-200 A corresponding to interendothelial cell clefts allowing
transport of large molecular weight solutes; a small pore of 40-60 A, which allows for
transport of water and low molecular weight (LMW)solutes and an ultrasmall pore of
4-6 A that allows for the passage of only water.

2. The normal peritoneal transport barrier
2.1 Distributed concept of ultrafiltration barrier

The three potential barriers to both solute and water are (1) anatomic peritoneum
(2) cellular-interstitial matrix surrounding the blood vessels (3) capillary endothe-
lium. Blood vessels are the main source of UF and the water flow from the capillaries
to the interstitium depends on the difference between the capillary luminal pressures
and the effective pressure on the interstitial side. The concentration profile occurs due
to diffusion of the small solutes via the tissue interstitium along with simultaneous
uptake into the capillaries. The largest gradients of osmotic pressure will therefore be
across blood vessels closest to the peritoneum.

Figure 1A describes the distributed concept of UF barrier and Figure 1B shows
changes in membrane [4].

The distributed model proposes that “the influence of a specific capillary on PD
transport is the function of that capillary’s proximity to mesothelial to the dialysate
interface”. The proliferation of vessels near the interface increases the “effective”
peritoneal surface area; especially during peritonitis and following exposure to high
glucose containing fluids.

2.2 Pore matrix concept of endothelial barrier

Flessner [4] has postulated a new concept which says that the large and small pores
will be represented as a single entity with the difference in transport characteristics;

Peritoneal cavity peritoneum é Cell-extracellular matrix s
e 2 ibroblast Absciut Cgll-ay;.tfacel\ularmalnx
Mesothelial eﬂ 2 UF failure e —
cells 7?7 3 due to !
chronic fibrosis
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Osmotic
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Osmotic Osmotic
filtration
Hydrostatic Hydrostatic
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Figure 1.

(A and B) Distributed concept of normal ultrafiltration barrier. Dextrose diffuses from dialysate into tissue and
sets up an osmotic pressure profile (thick curved line).
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Pore-matrix concept of endothelial barrier incorporating the luminal glycocalyx [4].

being a function of the density of intercellular glycoprotein matrix; as in Figure 2.
This additional layer of glycocalyx alters the microenvironment near the true, size-
selective boundary.

Moreover, albumin concentration below the glycocalyx but above the tight junc-
tion is likely much lower than that in the interstitium. This is because the albumin is
unable to diffuse against the ultrafiltrate flow through the gap in the glycocalyx. The
glycocalyx density is decreased by perfusion of oxidized LDL, adenosine, ischemia
reperfusion injury and TNF-a.

3. Natural history of peritoneal membrane in CAPD

The peritoneal fibrosis has two parts; fibrosis process itself and the inflammation
which is promoted by the non-physiologic content of solutions and infections. In the
fibrotic process, there is loss of mesothelial cells with fibroblastoid changes leading to
mesothelial-to-mesenchymal transition mediated by TGF-§ (Transforming growth
factor) and VEGF (Vascular endothelial growth factor) signaling pathways. The
inflammation pathway is mediated by the IL-6 (Interleukin-6) and other chemokines.
Both the pathways are interlinked to each other and will be potentiating each other.

4. Regulation of peritoneal inflammation and leukocyte trafficking

During acute episodes of peritonitis, there is early activation of proinflamma-
tory cytokines (TNF-, IL-1, and IFN-) and rapid recruitment of neutrophils with
subsequent replacement by monocytes. This initial influx of neutrophils is due to the
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expression of CXC chemokine, MIP-1/KC, and the release of sIL-6R which facilitates
the formation of sIL-6R/IL-6 complexes. These trans-signaling complexes suppress
the release of other CXC chemokines, ensuring clearance of neutrophils, and simulta-
neously promoting the secretion of the CC chemokines, such as monocyte chemoat-
tractant protein 1 (MCP-1) and RANTES, triggering the recruitment of mononuclear
leukocytes and regulate the process of apoptosis. The IL-6/sIL-6R signaling also
selectively promotes T cell recruitment into the peritoneal membrane through a
gpl130-dependent, STAT1/3-dependent activation pathway (as shown in Figure 3).
The most consistent change observed in peritoneal tissues of a patient on PD
is an increase in the sub-mesothelial thickness associated with peritoneal fibrosis.
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Figure 3.
Molecular network that regulate EMT [5]. Courtesy: Gonzgalez 2016. Abbreviations: TGF S—Transforming
growth factor [$; GF—growth factor; TKr—Tyrosine kinase veceptor; IL-6—interleukin 6; and EMT/MMT—

Epithelial/Mesothelial to mesenchymal transition.
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Key events during EMT (Courtesy: [6]).
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Natural history of peritoneal membrane changes (Courtesy: [5]).

The use of non-physiologic PD solutions along with uremic milieu, hasled to the
production of advanced glycation end products (AGEs) in peritoneal tissues which
induces vasculogenesis and fibrosis. The interaction between fibrosis and angiogen-
esis may occur at the level of inducing cytokines; TGF-f leading to SMAD pathway
and inflammatory cytokines induce VEGF and angiogenesis; this is how EMT (epi-
thelial to mesenchymal transition)/MMT (mesothelial to mesenchymal transition)
occurs (shown in Figure 4).

There are two pathologic types of PD related fibrosis. Most common type is simple
peritoneal sclerosis which is seen in almost all patients. The other one is Encapsulating
peritoneal fibrosis (EPS) that evolves rapidly with intense fibrosis and inflammation
leading to life threatening visceral encapsulation (as shown in Figure 5).

5. Consequences of peritoneal fibrosis

The peritoneum is an acellular, avascular layer of tissue. Significant scarring of the
peritoneum is often present after 6 or more years of CAPD. Solute transport is rapid
across this avascular, acellular layer and uptake into abnormal blood capillaries is
rapid. However, with the loss of the interstitial cell matrix and the increase in the dis-
tance of the blood capillaries from the peritoneum, the water transport to peritoneal
cavity will be nearly zero [4]. Immunolocalization of collagen 1a-1 revealed that this
protein was predominantly expressed in the sub-mesothelial compact zone of EPS
peritoneal samples, whereas non-EPS patients exhibited diffuse and homogeneous
Colla-1 staining.
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For more advanced peritoneal conditions with potential EPS development, EPS-
prone states [7] is defined by (i) PD duration >3 years (ii) history of recurrent + severe
peritonitis (iii) presence of acquired UF failure or high-fast membrane transport (iv)
high exposure to high GDP PD fluids, (v) repeated hemoperitoneum.

6. Risk factors for peritoneal membrane damage

A. Diabetes: In diabetes there will be upregulation of vascular endothelial growth
factor (VEGF), driven by local hypoxia induced by vasculopathy of the micro-
vasculature and also due to increased GDPs. They also have lower lumen-to-
vessel diameter ratios and higher postcapillary venule diameters.

B. Uraemia: There will be increased expression of several proteoglycan compo-
nents (versican, matrix metalloproteinase-2 [MMP-2] and hyaluronan) in
patients with uraemia along with upregulation of AGE receptors (RAGE).

It has been shown that presence of the C allele of RAGE protects against
peritoneal fibrosis.

C. Dietary salt intake: There will be upregulation of TGF-$1 and IL-6 expression
in the peritoneal membrane, resulting in an enhanced EMT; in addition, to an
increase in peritoneal small solute transport leading to UF failure.

7. Genetic factors

A.IL-6 POLYMORPHISM: There can be G and C allele variant IL-6 polymorphism.
IL-6 level is linked to peritoneal small solute transport and to albumin leakage.
Those with GC or CC genotype had much higher IL-6 levels in their serum
and in the drained dialysate than did patients with a GG genotype, along with
upregulation of IL-6mRNA in the membrane [8].

B. eNOS: eNOS genotype aa or ab (versus bb) was an independent predictor of
reduced peritoneal membrane transport rate [9].

C. Receptor for AGE: Numata et al. observed that a polymorphism of RAGE, the
presence of the C allele in RAGE —429 T/C, were not present in patients with
EPS [10]. Anti-RAGE antibodies also prevented the AGE associated upregula-
tion of TGF-p1.

D. II-1: polymorphism has shown increased infection rate (lower with T/T vs. C/T
& T/T) [11].

E. IL-1RN: polymorphism was an independent predictor of technique survival.

F. CCL18: Increased expression of CCL18 was associated with functional defi-
ciency, increased fibrosis and atherosclerosis.

The risk factors for the peritoneal membrane damage are summarized in Figure 6.
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Figure 6.

Factors affecting peritoneal membrane degradation. Abbreviations: IL-6—Interleukin-6; VEGF—uvascular
endothelial growth factor; TGF—Transforming growth factor; and RAAS—rvenin angiotensin aldosterone system.
Courtesy: Pletinck et al. [12].

8. Diagnosis of peritoneal fibrosis

A. Effluent biomarkers: Nowadays, early detection of membrane damage can be
done with biomarkers. Some of them are CA-125, IL-6 and PAI-1. A low effluent
level of CA 125 has recently been found as a prognosis factor for the membrane
damage [13]. Cases of plasminogen activator inhibitor and CCL18, in peritoneal
effluent are also associated with the prognosis of the membrane [14]. Other
biomarkers are VEGF, MMP-2, TGF-f8, CTGF, TNF-a.

B. Histopathology: is the gold standard. The biopsy findings if using bioincompati-
ble fluids were mesothelial layer disappearance, thickening of the sub-mesothelial
compact zone, hyalinizing vasculopathy, angiogenesis, along with co-expression
of a-smooth muscle actin and cytokeratin. The biopsy findings in those who used
biocompatible fluids were associated with more well-preserved MC layer (56%
vs. 26%), mild thickening with less dense sub-mesothelial compact zone (47% vs.
69%) and an absence of hyalinizing vasculopathy (4% vs. 30%) [15].

9. Conventional PD fluids

First generation Fluids: contain 35-40 mM lactate buffer with an acidic pH of
5.5. The low pH will be aggravating the detrimental effects of the high lactate on
peritoneal mesothelium. During heat sterilization and storage, more of (GDPs)

(e.g., formaldehyde, acetaldehyde, glyoxal, methylglyoxal, 5-hydroxymethylfurfural
(5-HMF), 3-Deoxyglucosone (3-DG) and 3,4-dideoxyglucosone3-ene (3,4-DGE)) are
formed, leading to membrane damage (shown in Figure 7).

Second generation Fluids: The buffers (such as lactate + bicarbonate) are in sepa-
rate chamber and are kept in very low pH to prevent formation of GDPs. Prior to use,
they are mixed to a pH of 7-7.5 and are administered. They are detailed below.

Icodextrin: is an osmotic agent (Molwt-16,800 Da) derived from the starch,
used in long night dwell with very low GDP, since they are absorbed into the
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CONVENTIONAL PD SOLUTIONS:
Mesothelial denudation
Interstitial fibrosis
Neoangiogenesis
AGE accumulation
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Less inflammation
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Adverse Effects:
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v hypertroph\.,' Improved fluid status
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Figure7.

Potential beneficial effects of newer peritoneal dialysis solutions [16]. (Courtesy: Garcia nature reviews 2012).
Abbreviations: RRF—residual renal function; LV—Ileft ventricle; and AGE—advanced glycosylated end
products).

circulation, with no sodium sieving. It has an UF capacity comparable to 4.25%
dextrose fluid. Despite this, acidic PD fluid has been associated with increased local
and systemic inflammation with increased permeability and IL-6. Even though this
reaction is reaction, long term exposure may irreversibly change peritoneal mor-
phology. The ISPD guidelines recommends use of icodextrin in high transporters for
better volume control.

Amino acid solutions: A bag of 1.1% 21 amino acid PD fluid used in one exchange
a day provide 22gm of amino acids (2/3rd essential & 1/3rd nonessential) which
is 25% of daily requirement and generate an UF equal to 2 L 1.5% dextrose. It has
an acidic pH of 6.6 with very low GDPs and low VEGF. For optimized nutrition of
malnourished patients and to prevent increased serum nitrogen levels and metabolic
acidosis, they should be applied at a ratio of 1:4 with glucose-containing PD fluids
[17]. Nutrineal in one exchange with icodextrin (Extraneal) and Physioneal (Baxter)
for other exchange as a regimen (NEPP regimen) has shown to preserve mesothelial
integrity but with increased VEGF.

10. Newer PD fluids

1. Trio gambrosol- tri compartment with two small chambers with 50% glucose
and last chamber with calcium, magnesium, chloride & lactate.

2.Physioneal- two chamber with chamber A containing glucose in 1.5%, 2.5%,
4.5% at a pH of 2.1 along with calcium & magnesium salts and chamber B with
buffer lactate & bicarbonate at a pH 9.0. Volume of chambers in 3:1 ratio and so-
lutions in both chamber mixed prior infusion, atleast 1.6 L instilled during each
infusion (to avoid accidental infusion of buffer only chamber and alkalosis).

3.Balance- double chamber with glucose & electrolyte and other with buffer in
equal volumes.
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Fluid pH Buffer GDP (pmol/L) Osmotic agent
Icodextrin 5.8 Lactate 45 7.5% polyglucose
Amino acid 6.6 Lactate 1.1% amino acid
Trio Gambro 6.3 Lactate 65 Dextrose
Physioneal 74 Bicarbonate+lactate 253 Dextrose
Balance 7.0 Lactate 42 Dextrose
Bicavera 74 Bicarbonate 42 Dextrose
Delflex NpH 7.0 Lactate+bicarbonate 70 Dextrose
Table 1.

Newer PD fluids and constituents.

4. Bicavera-double chamber which has used bicarbonate as buffer used along with
glucose containing calcium& magnesium chloride. This is the only PD fluid
which used bicarbonate alone as buffer.

5. Delflex Neutral pH- Only FDA approved neutral pH PD fluid. GDP levels are 55,
70, 95 pmol/L depending on 1.5%, 2.5%, 4.5% glucose content (Table 1).

The Euro-Balance trial, demonstrated improved residual renal function together
with decreased peritoneal UF with the pH neutral, low GDP fluid, as compared to the
first generation, acidic high GDP solution [18]. The BalANZ trial has shown a lower
risk of anuria and lower ultrafiltration and higher solute clearance rates with the use
of low GDP fluid during the first 9 months of PD. Peritonitis incidence and sever-
ity were reduced in the BalANZ trial [19]. The TRIO trial comparing biocompatible
solution (Gambrosol Trio) to standard PD fluid (Dianeal) showed contrasting results
with slower rated of GFR decline but with higher peritonitis rate.

11. Novel PD fluid protoypes

The introduction of novel osmotic agents, is a promising way to improve the
biocompatibility (Figure 8).

1. The addition of 3.5% taurine-based PD fluid achieved equivalent ultrafiltra-
tion as glucose-based PD fluid and induced less mesothelial and fibroblast cell
proliferation(rat model) [20].

2.Hyperbranched polyglycerol containing PD fluid achieved similar solute and
water transport and induced less peritoneal membrane damage (rat model)but
data on metabolism are lacking [21].

3.By the addition of dipeptide alanyl-glutamine to first- and second-generation PD
fluid improved mesothelial cell stress response and cell survival with reduced
peritoneal fibrosis [22]. A phase 3 trial is needed.

4. Addition of L-carnitine to acidic, glucose PD fluids resulted in superior ultrafil-
tration and improved insulin sensitivity [23].
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Figure 8.
Novel PD fluid prototypes.

Other preventive strategies:
Peritoneal resting: especially for high solute transport with Type 1 UF failure

because this partially reverses some of the functional alterations of peritoneal trans-
port. De souse et al. [24] found decreased D/P creatinine with increased UF capacity,
after 4 weeks of peritoneal resting.

12. Newer agents to ameliorate membrane damage

38

1.Inhibitors of the RAAS system: The mesenchymal cells can locally activate
RAAS; in autocrine and paracrine fashion. The administration of RAAS inhibi-
tors results in blockage of the TGF-p, fibronectin and VEGF. Koleysnk et al. [21]
and Jing et al. [25], found that ACE inhibitors appeared to have a slower rate of
decline in ultrafiltration and residual function, effectively protect against perito-
neal fibrosis in long-term peritoneal dialysis.

2. Hyaluronic acid: Preservation of hyaluronan concentration in PD effluent is
deemed to be a marker of preservation of peritoneal integrity. It has protective
role against abrasion and infection, through the initiation of increased synthesis
of growth factors.

3.LP. Tinzaparin & Bemiparin: Del peso et al. [26] showed an improvement in UF
capacity.

4. Paricalcitol: VDR activator reduced IL-17 and increased Tregs leading to antifi-
brotic and anti-inflammatory effects.

5.Rapamycin: mTOR inhibitors diminish IL-17 and decreases fibrosis with anti-
MMT action but delayed healing, limiting its use in specific situations. It also
decreases synthesis of VEGF.
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6. Tamoxifen: Estrogen receptor modulator, which inhibit MMT, reduces mem-
brane thickness, invasion of the compact zone by mesenchymal mesothelial cells
leading to reduced peritoneal MC migration and improved fibrinolytic capac-
ity. A Dutch study showed a decreased mortality among patients with EPS after
treatment with Tamoxifen.

7. Nebivolol & Heparin (IP): increases fibrinolytic capacity associated with increased
tPA levels. Apart from anticoagulation, heparin also has anti-inflammatory,
immunomodulatory, antiangiogenic, antiproliferative, antifibrotic properties.
Low-molecular-weight heparins can also inhibit VEGF and fibroblast growth
factor activity.

8.Benfotiamine: A derivative of thiamine, has been associated with decreased AGE
and decreased oxidation by increasing transketolase [27].

9.Pyridoxamine: beneficial role against UF failure; by reduction in accumulation
of AGEs and the expression of angiogenic cytokines leading to decreased trans-
port rates for small solutes and reduced blood vessel density [28].

10. NSAIDs: In a rat model, oral administration of celecoxib drastically reduced
prostaglandin E2, angiogenesis and lymph angiogenesis [29] and preserved
ultrafiltration. Liu et al. observed that selective COX inhibition resulted in
blunting of TGF-p production by mesothelial cells when exposed to high glucose
concentrations and resulted in reduction of fibrosis and blunted ultrafiltration
failure. No data on oral administration.

11. Sulodexide: consists of 80% LMW heparin and 20% heparan sulphate. Apart
from anticoagulation, it has immunomodulating, anti-inflammatory and
antiproliferative, and anti-angiogenic properties. Oral sulodexide inhibits either
VEGF directly by binding to it or by inhibiting its interaction with receptor.

12. PPAR Y agonist: Rosiglitazone, decreases AGE and fibrosis but the adverse
effects have limited its use. The anti-inflammatory properties were mediated by
an increase in peritoneal levels of IL-10 along with recruitment of CD4+ CD25+
FoxP3+ cellsD3+ lymphocytes.

13. Tranilast: proposed to have some effects on peritoneal MCs, being the therapeu-
tic potential for the treatment of peritoneal fibrosis [30].

The potential MMT modulators untested in PD are depicted in Table 2:

A study in a rat model, by using the stem cells demonstrated that the xenografts
of human umbilical mesenchymal stem cells prevented the PD-induced membrane
alterations [31].

By the advent of the proteomics and functional genomics analysis of the MC and the
EMT, these fine biomarkers can be used for the accurate follow-up of the progressive
peritoneal membrane deterioration. They also will identify the master molecules which
governs the mesenchymal transition of MC. These molecular profiles of the EMT pro-
cess in future might become an excellent tool to test the biocompatibility of newer PD
fluids. Although further studies are needed, it is expected that increasing knowledge will
provide a novel approach for therapeutic benefits in the treatment of peritoneal fibrosis,
thus maintaining the peritoneal membrane for an extended period in PD patients.
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Antifibrotic agents Mechanism of action
1) Tetrapeptide TGF f inhibition
2) Dipyridamole TGF {3 inhibition

3) Pentoxyfylline

Inhibition of ECM production

4) Emodin

Inhibition of ECM production

5) Simvastatin

Increases fibrinolytic activity

Antiangiogenic

1) Anecortave acetate

Inhibits VEGF production

2) Pegaptanib

Inhibits VEGF-VEGFR binding

3) Anti-VEGFRII

Blocks receptor VEGFRII

4) TNP 470

Decreases VEGF expression

Inhibition of EMT

1) Rho-ROCK inhibitor (Y27632)

TGF-p/Smads inhibitors

2) Anti-oxidant agent

NF-kB inhibition

3) Notch inhibitors

Inhibit the induction of snail and repression of VE-cadherin

4) JNK inhibitors (PS600125)

Inhibition of both ZEB and Rho pathway

5) CBR1 antagonists

TGF-p/Smads inhibitors

Courtesy: Gonzalez 2016.

Table 2.

Potential MMT modulators untested IN PD.
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MC mesothelial cells

MMT mesothelial to mesenchymal transition

PD peritoneal dialysis

RAGE receptor for AGE

RANTES regulated on activation, normal T cell expressed and secreted
RRF residual renal function

STAT signal transducer and activator of transcription
TGF transforming growth factor

UF ultrafiltration

VEGF vascular endothelial growth factor
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Chapter 4

Timing of Initiation of Kidney
Replacement Therapy in Acute
Kidney Injury in the Critically Il
Patient

Maiko Alejandro Tavera Diaz

Abstract

Acute kidney injury (AKI) represents one of the most frequent complications in
critically ill patients. In recent years, mortality rates have exceeded 50%, and 10% of
them require kidney replacement therapy (KRT). Since the 60, the question of when
to start KRT has been raised, classically the time of temporality when life-threatening
(hyperkalemia, metabolic acidosis, uremia, and fluid overload); in the last decade, the
possibility of early initiation was raised as a strategy to achieve better outcomes.
Current evidence shows that the timing of late onset has the same results as the
strategy of early onset. We will also review the considerations in relation to renal
capacity and demand generated by the acute pathology in a critically ill patient and
the set of variables to make better decisions.

Keywords: acute kidney injury, critically ill patients, kidney replacement therapy,
uremic toxins, indications for hemodialysis

1. Introduction

Classically, acute kidney injury (AKI) is defined as a decrease in the glomerular
filtration rate (eGFR) in a period of less than 3 months accompanied by the retention
of nitrogenous products and changes in the internal environment, and anuria or
oliguria may or may not be present [1].

In 2004, the Acute Dialysis Quality Initiative (ADQI) group considered that stag-
ing the damage is important in the diagnosis of AKI because small increases in creat-
inine or decreased diuresis are associated with greater morbidity and mortality and
longer hospital stay [2].

In the Acute Kidney Injury Network (AKIN) Classification System, the value of
increased serum creatinine (sCr) greater than 0.3 mg/dl is added with greater diagnostic
sensitivity and eliminates the Loss and ESRD stages [3]. The Kidney Disease Improving
Global Outcomes (KDIGO) workgroup in 2012 [4] encompasses an elevation of sCr
greater than 0.3 mg/dl or an increase greater than 50% above the baseline value in a
period of 7 days; in each of the three stages, a range is placed in relation to the fold
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increase in creatinine in relation to the basal range, and the other parameter that is taken
into account is urine production [4]. Comparison of the KDIGO criteria, creatinine has
greater predictive ability than urinary volume.

After reaching consensus on the definition of AKI by the Acute Disease Quality
Initiative (ADQI) group, the AKI incidence in the general ward has been 20% [5],
with rates increasing by approximately 10% per year [6]. The incidence of AKI in the
intensive care unit (ICU) has been 30 to 50%, and 10% require kidney replacement
therapy (KRT) [7, 8]. The hospital mortality of AKI has been 27.5% in those who did
not require KRT and from 33 to 53% [9] in those who required KRT. This incidence
has not changed over time probably due to more serious pathologies and increasingly
long-living patients.

The development of AKI in the ICU is considered a predictor of mortality with a
specificity of 71% and a sensitivity of 93% similar to the APACHE II score with a
specificity of 75% and a sensitivity of 93% and where the relationship between AKI
and mortality in the ICU is significant (odds ratio 3.99; 95% CI 2.125-7.481) [10].

2. Classification and biomarkers

The KDIGO guidelines classify the severity of ARF into three stages according to
functional 2o0s2rome (sCr and diuresis), one of which is the elevation of creatinine
with respect to baseline, and if the baseline value is not known, the corresponding
creatinine values are taken into account, depending on sex, age and race; another
variable is the reduction in urinary 2os2rom as a function of time. It is known that
creatinine is not the best marker of renal function, in addition to being a late marker,
and can be interpreted in different clinical situations such as states of fluid overload
(FO), and the creatinine value should be corrected by the FO. There are also drugs
that affect the tubular secretion of creatinine (trimethoprim-sulfamethoxazole,
cimetidine, and ranitidine) and changes in the rate of sCr production (muscle
hypercatabolism, the elderly).

It is important to identify predisposing and susceptibility factors that may develop
AKI, such as heart failure, diabetes mellitus, liver disease, chronic kidney disease
(CKD), sepsis, emergency surgery, cardiac surgery, and the use of nephrotoxic drugs.
The use of biomarkers in populations at clinical risk will allow the detection of
subclinical AKI in those at risk of renal complications after exposure to a noxa and
allow opportunities for preventive intervention strategies to improve clinical out-
comes and reduce the need for KRT [11]. The ADQI consensus conference (Table 1)
recommends a combination of damage and functional biomarkers (Table 2) to
improve the diagnostic accuracy of AKI and has made it possible to modify the
KDIGO classification in stage 1 AKI with three subcategories (1S, 1A, and 1B) and AKI
stage 2 and 3 with subcategories (2 A biomarker negative, 2B biomarker positive)
(recommendation grade B) [12, 13].

3. Considerations at the start of kidney replacement therapy

The question of when to start KRT dates back 60 years, where Parsons F. et al.
described a retrospective cohort of 17 patients with sepsis of surgical origin with AKI
and who underwent intermittent hemodialysis with BUN values >180 mg/dl and had
an 88% mortality. One year later, the same work group reported another cohort of 17
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Structural injury

No damage Damage

Stable GFR Subclinical AKI
Cellular damage
Without loss of function
Conserved creatinine
Positive damage response biomarkers
Positive cell regulation biomarkers

Decreased GFR Functional here
Loss of function
Without cellular damage
Elevated creatinine
Negative tubular function biomarkers

The ADQI consensus conference recommends a combination of damage and functional biomarkers to improve the
diagnostic accuracy of AKI and have allowed modification of the KDIGO classification in stage 1 AKI with three
subcategories (1S, 1A, and 1B) and stages 2 and 3 from AKI with subcategories (2A biomarker negative and 2B
biomarker positive) [12].

Table 1.

AKI classification.
Biomarkers Tubular Tubular damage Damage response Cellular
glomerular function biomarkers biomarkers regulation
filtration biomarkers biomarkers
Creatinine FEU, FENA Urinary MCP1, IL6, IL10, NGAL
Cystatin Furosemide stress sediment. IL18, KIM-1, LFABP  TIMP2-IGFBP7

test Albuminuria

Biomarkers are classified into glomerular filtration, tubular function, tubular damage, injury response, and cell
regulation [12].

Urinary insulin-like growth factor-binding protein (IGFBP-7) and tissue inhibitor of metalloproteinase (TIMP-2),
neutrophil gelatinase-associated lipocalin (NGAL), interleukin-6, interleukin-10, interleukin-18, Kidney Injury
Molecule-1 (KIM-1), liver-type fatty acid-binding protein (L-FABP), Fractional Excretion of Sodium (FENa), and
Fractional Excretion of Urea (FEUrea).

Table 2.
Biomarker IN AKL

patients with AKI due to sepsis with daily BUN increases of 30 mg/dl in which early
intervention in dialysis treatment decreased mortality to 25% [14].

The KDIDO-2012 guideline recommends the Initiate KRT emergently when life-
threatening changes in fluid, electrolyte, and acid-base balance exist (Not Graded).
The clinical context should be considered, and trends from laboratory tests should be
evaluated, rather than single nitrogen values (Not Graded). These appraisals are far
from being practical and we hope that, with the updated evidence of recent years and
the forthcoming recommendations from the KDIGO, they will provide a clearer
guideline [15].

The decision to start KRT should not only be based on kidney function or KDIGO
stage, but many aspects mentioned below should also be evaluated (Figure 1).

The kidneys have a finite capacity; when the demands exceed the renal capacity in
the context of AKI, an imbalance with non-renal organ dysfunction is generated.
Renal demands and capacity should be assessed taking the following considerations:
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Considerations at the start of kidney veplacement therapy. To consider the initiation of KRT, patient comorbidities,
severity of acute illness, severity of AKI, and the expressed will of the patient, family, human resources, and

available machines and costs are taken into account [16].

1. Chronic diseases: Chronic heart disease, chronic lung disease, CKD and chronic
liver disease present loss of functional reserve and have lower tolerance to fluid
overload, solute overload and inflammatory response leading to clinical worsening.

2.Severity of acute disease: elevated vasoactive inotropic score (VIS), SOFA, APACHE
and SAPS III scores, refractory hemodynamic instability, macromicrovascular
alterations, mitochondrial damage, oxidative stress, inflammatory response,
capillary leak syndrome and vasoactive dependence express the degree of severity of
acute pathology and in these clinical conditions, loss of renal functional capacity is

likely not tolerated.

3.The degree of fluid and solute overload (acids, K, urea myoglobin, and other
unmeasurable uremic toxins) generates organ dysfunction in other organs with

less functional reserve.

4.The sCr and diuresis are used as markers of renal function; they are not specific
and have many limitations in their interpretation, besides being late markers. In
the evaluation of renal capacity, the trend of elevated nitrogen levels is
important. The use of biomarkers (NGAL, TIMP-IGFB 7) and other tools such as
the furosemide stress test (FST) allow the assessment of renal capacity, but they
are still far from perfect as markers of damage (Figure 2).

5.The initiation of KRT should also consider the risks inherent to the treatment,
such as: catheter-associated infections, worsening hemodynamic instability, and
nutrient elimination associated with dialytic therapy.
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Kidney capacity and demand. The velationship of venal capacity and demands vefers to the state of functional
reserve of the kidneys. They are not able to withstand the severity of acute illness, fluid overload, and metabolic
overload, where previous comorbid conditions may be a factor in a lower tolerance to the development of AKI [16].

|
KIDNEY CAPACITY

6.1t is important to know the wishes of the patient and family, to evaluate with the
medical team whether dialysis is part of a therapeutic plan of the
multidisciplinary team and that it does not represent a futile measure, and to
consider the availability of nursing staff, machines, and costs [16].

4. Management of complications of acute kidney injury and classic
indications for kidney replacement therapy

4.1 Hyperkalemia

In AKI, the incidence of hyperkalemia is 13 to 24% and hypokalemia 11 to 17%;
dyskalemia values (<3.5 to >5.5 mmol/L) are associated with longer hospital stay and
mortality [17, 18]. The prevalence of hyperkalemia increases linearly with the fall in
glomerular filtration rate and with the severity of AKI, 3.4% occurring without AKI,
8.8% in AKI stage 1, 17% in AKI stage 2, and 32.2% in AKI stage 3 [19]. It may also be
secondary to intracellular potassium release (rhabdomyolysis, tissue injury, and
hemolysis) and altered transfer to the intracellular space (metabolic acidosis, insulin
deficit) [18].

Independent of AKI, there are factors that contribute to the development of con-
comitant hyperkalemia in AKI, such as the use of nonsteroidal anti-inflammatory
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drugs, renin-angiotensin-aldosterone inhibitors (RAASI), and potassium-sparing
diuretics; diabetes mellitus (DM); heart failure (HF); chronic kidney disease (CKD);
severe tissue breakdown; and potassium intake in crystalloid solutions or oral potas-
sium supplements [20].

The KDIGO Conference on Potassium Controversies recommended cardiac moni-
toring and 12-lead electrocardiogram (ECG) for potassium levels >6.0 mmol/L. There
is evidence to support that severe hyperkalemia levels do not necessarily exhibit ECG
changes, as will be described later [21].

Mortality increases in a linear relationship with increasing potassium, K = 4.5~
5.0 mmol/L with odds ratio (OR) 1.25; K = 5.0-5.5 mmol/L with OR 1.42; K = 5.5-

6.0 mmol/L with OR 1.67; K = 6.0-6.5 mmol/L with OR 1.63; K > 6.5 mmol/L with OR
1.72 where the risk of mortality is higher. Hyperkalemia, if not decreased by
>1.0 mEq/L within 48 h after measurement, predicts death [22].

There is important evidence in a meta-analysis [23] with more than 1 million
patients with dyskalemia that was associated with all-cause, cardiovascular mortality
and shows a U-shaped curve for hypokalemia (3.0 mmol/L) with HR 1.49 and in
hyperkalemia (>5. 5 mmol/L) with HR 1.22. Likewise, values considered within the
normal range for healthy subjects do not seem to be as innocuous for patients with
AKI, since potassium values >4.8 mmol/L are associated with higher all-cause mor-
tality with an adjusted HR of 1.12. Decreased eGFR was a strong risk factor for
hyperkalemia (>5.5 mmol/L); also, the interaction of hyponatremia with
hyperkalemia was associated with higher 30-day (HR 1.15) and 90-day (HR 1.16)
mortality. Values of “normokalemia” seem to have an impact on mortality in patients
with AKI, but these findings need to be confirmed in prospective studies [24]. Li et al.,
in a retrospective observational study in adjusted multivariate analysis, shows the risk
of all-cause mortality for K values 4.1-4.79 mmol/L with HR 1.45; K 4.8-5.49 mmol/L
with HR 2.15 and for K > 5.5 mmol/L with HR 2.34 [25].

Mortality is related to not only the severity of hyperkalemia but also the prolonged
duration of hyperkalemia and lack of correction of the disorder, rapid increases in
serum potassium, massive cell turnover, and underlying heart disease. In a study of
408 patients excluding patients with end-stage renal disease (ESRD) and on hemodi-
alysis (HD), hyperkalemia of prolonged duration was associated with concomitant
AKI (OR = 3.88; p = 0.03), metabolic acidosis (OR = 4.84; p < 0.01), tissue necrosis
(OR = 4.55; p < 0.01), and potassium supplements (OR = 5.46; p < 0.01), and all of
them are associated with higher hospital mortality [26].

Mortality is attributed to changes in heart rhythm and its consequences such as
hemodynamic instability, myocardial ischemia, and sudden cardiac death [27].
Under normokalemia conditions, the cardiomyocyte cell membrane is polarized
(resting potential at —90 mV). In moderate hyperkalemia, the cell membrane partially
depolarizes, bringing the resting potential closer to the threshold potential for
action potential initiation, where fast sodium channels are activated, increasing excit-
ability and conduction velocity, and it electrocardiographically manifests as a T-wave
spike. In severe hyperkalemia (K > 6.5 mmol/L), voltage-dependent inactivation of
sodium channels and activation of internal rectifying potassium channels lead to
reductions in conduction velocity, and cells enter a state refractory to excitation and
is expressed electrocardiographically with widening of complexes and blockades
driving [28, 29].

ECG findings do not have a relationship with hyperkalemia levels in patients with
9 AKI and ESRD [30]; ECG is an insensitive tool for the diagnosis of hyperkalemia
even with K values between 6 and 7.2 mmol/L and with K values >7.3 mmol/L the
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predictive value is minimal; non-traditional electrocardiographic changes are also
described [31].

In a prospective study [32] of 77 patients that included both AKI and CKD, 94%
associated with a fall in eGFR and 70.9% had metabolic acidosis, 10.4% developed
mild hyperkalemia (5.5-5.9 mmol/L), moderate 40.3% (6-6.4 mmol/L), and severe
49.3% (>6.5 mmol/L); electrocardiographic changes occurred in 74.6% of patients,
the most frequent findings being atrial fibrillation (13.4%), peaked T wave (11.9%),
widened QRS, and prolonged PR (10.5%); none of these electrocardiographic findings
were more significant with greater severity. The sensitivity in the electrocardio-
graphic detection of hyperkalemia was 0.28 for the emergency physician and 0.36 for
the cardiologist. The diagnosis improved with K values >6.5 mmol/L and in another
study with values >7.8 mmol/L. The lack of sensitivity in the electrocardiographic
diagnosis in these study groups may be biased by the slow increases in K in ESRD and
the use of hemodialysis. The electrocardiographic findings may be masked by the
effect of fluid overload and other electrolyte disorders such as concomitant hypocal-
cemia. In this sense, hypocalcemia can induce QT prolongation and widening of T
waves and may mask the changes in T wave morphology caused by hyperkalemia
[33, 34].

There is no conclusive evidence that the electrocardiogram can guide the treatment
of 3iperkalemia and electrolyte monitoring is necessary.

In a prospective cohort of patients with AKI, it was identified that 60.8% devel-
oped dyskalemia, and 8 evolution groups were identified according to the kalemia
characteristics. Group 7 was characterized by K values that were normal on hospital
admission and increased to hyperkalemia; group 8 were those that never returned to a
normal kalemia value and corresponded to uncorrected hyperkalemia. In both groups,
the increase in mortality was identified, 37% for group 7 and 63% for group 8, and the
latter group had a higher risk (40%) of requiring KRT [35].

When hyperkalemia is associated with arrhythmias and/or hemodynamic instabil-
ity despite medical treatment, the initiation of intermittent hemodialysis or sustained
low-efficiency dialysis (SLED) or continuous kidney replacement therapy (CKRT) is
indicated. In situations where rapid and prolonged K generation is generated, such as
in rhabdomyolysis, tissue lysis syndrome and tissue ischemia, where hyperkalemia
values are persistent and the K load exceeds the elimination capacity by CKRT,
intermittent hemodialysis is recommended [36].

It is important to consider that the longer the duration of hyperkalemia and
without the ability to correct itself, the higher the mortality and we see that mortality
is associated with extreme values of dyskalemia.

4.1.1 Management of acute hyperkalemia

There is limited evidence, and the existing one is based on the recommendation of
experts or studies with a small number of patients for the analysis of the treatment of
acute hyperkalemia in AKI, and many of the studies of this disorder come from
patients with CKD (Table 3).

4.1.1.1 Membrane stabilizers

Calcium gluconate and calcium chloride
The recommendation for the use of calcium gluconate is based on expert opinion;
there are no randomized studies.
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Calcium gluconate increases intracellular calcium entry and binds to calcium-
dependent calmodulin and protein kinase II (CaMKII), which allows sodium channel
activation, leading to intracellular sodium entry, thus restoring action potential in
phase 0 dV/dt. Also, hypertonic physiological solution increases extracellular sodium
and allows greater intracellular displacement of sodium, managing to increase the
speed of the action potential; it is an option as a membrane stabilizer [18, 39].

Membrane stabilizers should be started early, after identification of
hyperkalemia >6.5 mmol/L or when some ECG change is evident in the context of
hyperkalemia. The recommended dose is from 10 ml (2.3 mmol of Ca 2+) to 20 ml
of 10% undiluted calcium gluconate, administered over 3 to 5 minutes; if ECG
changes persist, it can be administered again later 5 min; the effect lasts between 30
to 60 minutes [40]. Another option as a membrane stabilizer is calcium chloride,
which has three times the concentration of Ca 2+ (6.8 mmol of Ca 2+) than
calcium gluconate, but tissue damage secondary to skin extravasation has been
described. There are no randomized studies available showing a clear benefit of
hypertonic saline.

In an observational and prospective study of 111 patients with a mean
K > 7.1 mmol/L, 243 pathological ECGs were found, of which in 79 cases, they were
identified as major rhythm disorders (AV block, sinus bradycardia, right and left
bundle block, escape beats, atrial fibrillation, ventricular tachycardia), and of these
only 9 cases improved with calcium gluconate in a dose of 10 ml at 10% and was
repeated up to three times. Calcium gluconate may only be effective in major rhythm
disorders with limited evidence and did not cause statistically significant improve-
ment in non-rhythmic ECG disorders [41].

4.1.1.2 Intracellular redistribution of potassium

Insulin-dextrose

The insulin binds to glucose transporter type 4 receptor on skeletal muscles and
allows the translocation of intracellular Na + -K + ATPase to the cell membrane and
induces the transfer of potassium from the extracellular space to the intracellular
space. Insulin stimulates the phosphorylation of FXYD1 (phospholigen) by atypical
protein kinase C, increasing the Na-K ATPase Vmax for potassium transfer into the
intercellular space [42].

Regular insulin allows a reduction of K in a range of 0.5 to 0.9 mEq/L and dextrose
alone in a range of 0.2 to 0.6 mEq/L; current evidence recommends both treatments as
first line of treatment [18].

In a randomized crossover study in 10 patients per group on chronic hemodialysis,
in the 4lucosa infusion alone group (100 ml of 50% 4lucosa) versus the 4lucosa +
insulin group (100 ml of 50% 4lucosa + 10 IU of regular insulin), K Values were
measured at 60 minutes and there was a significant decrease in K 0.83 + 0.53 mmol/l
(p < 0.001) in the combined treatment compared to the glucose alone group (0.50 £
0.31 mmol/I) [43].

In a retrospective cohort study of 174 critically ill patients with concomitant
hyperkalemia in ARF or CKD, two groups were evaluated, those receiving 5 IU of
regular insulin and those receiving 10 IU of regular insulin. Both groups received 25 g
of dextrose along with intravenous insulin and 1 hour after receiving insulin a second
dose of 25 g of dextrose was administered and a third dose of 25 g of dextrose if blood
glucose was less than 70 mg/dl and hourly blood glucose was measured and K control
were performed after 2 or 3 hours of insulin administration. The rate of hypoglycemia
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at the sixth hour was higher in the 10-unit insulin group 19.5% and 9.2% in the 5-unit
group (p = 0.052); in severe hypoglycemia, there was no difference between the groups.
K reduction was similar (—0.8 &= 0.7 mEq/L in the 5-unit group vs. —0.7 £ 0.6 mEq/L in
the 10-unit group (p = 0.430)) [17]. (p = 0.052); in severe hypoglycemia, there were no
differences between groups. The reduction of K was similar (—0.8 £+ 0. 7 mEq/L in the
5-unit group vs. —0.7 £ 0.6 mEq/L in the 10-unit group (p = 0.430)) [17]. Regular
insulin doses of 5 units reduce K levels without difference with higher doses and with
fewer hypoglycemic events.

In a systematic review of 11 studies, different doses of insulin are described.

In eight studies, 10 units of regular insulin were administered and of these, in

5 studies the method of administration was a bolus and in two studies as an

infusion over 15 to 30 minutes, and in another three studies regular insulin was
administered 5 IU/Kg equivalent to 20 units in 60 minutes. Regarding the glucose
dose, it was 25 g in six studies, 30 g in one study, 40 g in two studies, 50 g in one
study, and 60 g in another study. The incidence of hypoglycemia was 30% in the
group that used 25 g of glucose; when 60 g of glucose was administered, no hypogly-
cemia was reported. When a bolus dose of 10 units of regular insulin was used, the
serum potassium decrease at 60 minutes was 0.78 £ 0.25 mmol/L, and with the
administration of insulin infusion of 20 units over 60 minutes, the decrease in serum
potassium was 0.79 £ 0.25 mmol/L, with no significant difference between both
groups (P = 0.98) [44].

A meta-analysis of 10 retrospective cohort studies (n = 3437) with low or
moderate risk of bias evaluated standard doses (10 IU regular insulin) vs.
alternative doses (5 IU regular insulin or 0.1 IU/kg). K reduction was similar in
the two groups (mean difference — 0.02 mmol/L, 95% CI -0.11-0.07, 12 = 53%),
with no difference in hospital mortality (OR 1.03, 95% CI 0.58-1.81, 12 = 0%); in
the alternative dose group there was a lower risk of hypoglycemia (OR 0.55, 95%

CI 0.43-0.69, 12 = 8%); and severe hypoglycemia (OR 0.41, 95% 0.27-0.64) [37].

The use of dextrose and insulin constitutes the first line of treatment for intracel-
lular K redistribution; when comparing 5 units vs. 10 units of regular insulin, the K
decrease values are similar, and with fewer hypoglycemia events in the first group, the
recommended dose of 50 ml dextrose 50% (25 g) is a safe regimen to avoid hypogly-
cemia [18].

In case of severe hyperkalemia, a dose of 20 units of regular insulin with 60 g of
glucose (200 ml 30% dextrose) for 60 minutes is recommended, and an alternative in
non-severe hyperkalemia is a dose of 10 units of regular insulin, and 25 g (50 mL 50%
dextrose) to glucose is a safe regimen to avoid hypoglycemia.

Sodium bicarbonate

Evidence for the use of sodium bicarbonate is limited and heterogeneous including
patients with ESRD, AKI, and various therapeutic interventions for the management
of hyperkalemia.

Sodium bicarbonate allows intracellular entry of sodium through the Na + /H +
(NHE) exchanger; higher intracellular sodium activates sodium-potassium adenosine
triphosphatase (NaK + ATPase) and allows transfer of potassium from the extracellu-
lar space to the intracellular space [18].

Studies on sodium bicarbonate show that it is not able to rapidly reduce serum
potassium levels with optimal efficacy, and the onset of its action can take several
hours; therefore, it is not recommended as first-line treatment [18].

There is controversy regarding its usefulness, due to the small decrease in K values
<1 mmol/L and slow onset. Some predictors of a better response to the use of
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bicarbonate are mentioned, such as the presence of hyperkalemia >6 mmol/L, meta-
bolic acidosis with pH < 7.35 or bicarbonate <17 mmol/L, AKI and the use of bicar-
bonate doses >120 mEq [36]. There are clinical situations where its use should be
avoided, such as in organic acid acidosis (diabetic ketoacidosis, lactoacidosis) and
hypervolemia [45].

In a retrospective study of 106 patients, of which 38 patients correspond to
the sodium bicarbonate group (regular insulin and bicarbonate) and 68 patients to
the control group (regular insulin without bicarbonate), the primary objective was
to compare the absolute reduction in serum potassium between initial
concentrations and at 2-hour intervals, up to 8 hours. Median initial potassium
concentration was higher in the bicarbonate group (6.6 vs. 6.1 mmol/L
(P = 0.009)); the lowest potassium concentration was reached within the first 8-h
period, with no difference between both groups (bicarbonate group 5.35 mmol/L) vs.
(control group 5.15 mmol/L (P = 0.255)). We saw that adding bicarbonate did not
improve the absolute reduction of K. It must be clarified that this study has several
limitations and randomized controlled trials are required to confirm the efficacy of
bicarbonate [46].

The different concentrations of 1.4% or 8.4% sodium bicarbonate have the same
capacity to reduce potassium values, even a transient increase of K in patients with
CKD is mentioned, the lack of evidence should be considered due to a small number of
patients in the studies [47].

Potassium homeostasis and management of dyskalemia in kidney diseases: conclu-
sions from a Kidney Disease: Improving Global Outcomes (KDIGO) Controversies
Conference recommends a bicarbonate dose of 1 amp of 50 ml of 8.4% over
15 minutes. The European Resuscitation Council Guidelines recommend sodium
bicarbonate 1 mmol/kg IV in case of a metabolic acidosis (pH < 7.2) and/or in cardiac
arrest [21, 48].

In the BICAR-ICU study [49], 4.2% sodium bicarbonate in patients with severe
metabolic acidosis (pH < 7.2) reported lower K values and less hemodialysis require-
ment when compared with the control group. The use of hypertonic sodium bicar-
bonate (100-250 mL of 8.4% sodium bicarbonate over 20 min) is also recommended
in patients with severe metabolic acidosis and AKI, who have a contraindication to the
use of calcium gluconate. It is important to mention that sodium bicarbonate has side
effects, such as fluid overload and hypocalcemia; the aforementioned electrolyte
disorder is crucial for cardiac contractility, for which its monitoring and replacement
are important.

Beta-agonists

Beta-adrenergic agonists activate pancreatic fj receptors, causing increased insulin
secretion, which activates Na-K-ATPase and stimulates K movement into cells
[18, 50].

The standard doses are 10 and 20 mg for the inhaled forms and between 0.5 and
2.5 mg intravenously; the effect begins between 15 and 30 minutes regardless of the
formulation used. K decreases were 0.3 mmol/L with 10 mg and 0.6 mmol/L with
20 mg, with a duration of effect of 2 hours [51].

In a randomized, double-blind, placebo-controlled trial of few patients (n 17) with
ERSD, there was an increase in K by 0.1 mmol/L in the first minute after inhalation;
when compared to placebo (p < 0.001), the increase in K was transient without
generating arrhythmias and was attributed to the f 1-activity of these drugs. Also, the
values of glycemia, insulin, and heart rate increase after 5 minutes of salbutamol
inhalation [51].
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The paradoxical elevation of K by beta-agonists is slight and transient; it is not
known if they have a clinical effect in critically ill patients and raises doubts about the
use of these drugs.

4.1.1.3 Elimination of potassium

Diuretics

Loop diuretics act by inhibiting the NKCC2 channel on the apical surface of the
thick cells of the ascending limb of the loop of Henle, generating natriuresis and
kaliuretic effect. The use of furosemide in AKI is useful for the management of
fluid overload and as a stress test to assess the progression of sustained AKI and
to determine the need for hemodialysis; the use of diuretics in non-responders
should not delay the use of other types of therapies for the management of
hyperkalemia [18, 52].

New resins

Patiromer is a non-absorbable and sodium-free potassium-chelating polymer. It is
not ideal for the management of severe acute hyperkalemia, since the decrease in
serum K is 0.21 & 0.07 mmol/L in 7 hours and 0.75 mmol/ L in 48 hours; its use is
focused on patients with CKD and ESRD [18, 38].

Sodium zirconium cyclosilicate (zs-9)

ZS-9 is a crystal that is selective for potassium and ammonium ions, and they
exchange sodium for potassium. A systematic review and meta-analysis of data from
phases II and III clinical trials found that ZS-9 produced a decrease in K of —0.17 mEq/
L 1 hour after dosing, and — 0.67 mEq/L at 48 hours; at this time, it is not
recommended for severe acute hyperkalemia [18, 53].

In a review of seven randomized controlled trials, it shows that the use of IV
insulin + dextrose and salbutamol in any of the pharmacological presentations are the
most effective in lowering serum potassium. Evidence on the benefits of IV sodium
bicarbonate is limited [54].

In severe hyperkalemia and refractory to medical treatment, KRT is indicated; the
details of the indication and timing of KRT will be discussed later.

Kidney replacement therapy.

In a large retrospective study of AKI complications in critically ill patients in the
multivariate logistic regression model adjusted for AKI-related complications, KRT
was found to be associated with increased hospital survival (OR 0.75; 95% CI, 0.58 to
0.96), and KRT decreased mortality by 45% in patients with hyperkalemia [19].

The causes of death in AKI attributed to hyperkalemia, metabolic acidosis,
volume overload and uremia with the onset KRT allowed correction of these
alterations, was associated with improved hospital survival (OR, 0.75; 95 % CI, 0.58 to
0.96) [19].

In RCTs such as ELAIN and STARRT, late onset of CKRT was associated with K
values >6 mmol/l and/or ECG abnormalities; in the AKIKI study, the value was
K > 6 mmol/L (or > 5.5 mmol/L without improvement despite medical treatment);
in the IDEAL-ICU, the K values were higher (> 6.5 mmol/L), and 4% had a K of
7 mmol/L for the start of dialysis treatment in a delayed strategy or there were
no significant differences between the groups in other adverse events, nor in
mortality. Medical treatment for hyperkalemia could prevent or delay the initiation of
KRT in patients with AKI and avoid complications of dialysis therapy and additional
costs [55-58].

56



Timing of Initiation of Kidney Replacement Therapy in Acute Kidney Injury...
DOI: http://dx.doi.org/10.5772 /intechopen.112156

4.2 Metabolic acidosis

Acidemia is the accumulation of protons in the plasma, whose expression is a low
blood pH. Severe acidemia is defined when the pH is <7.20, but it is not a universally
accepted term. Metabolic acidosis is classified based on time, as acute (hours to days)
and chronic (weeks to months), and based on the presence of an anion gap (AGMA)
and no anion gap (NAGMA). In AKI, metabolic acidosis is caused by decreased renal
synthesis of bicarbonate and decreased excretion of nonvolatile acids in the urine [59].

Metabolic acidosis has an impact on several systems. At the cardiac level, Ca 2+
transport decreases through the SR Ca 2+ -ATPase (SERCA) channels, the ryanodine
receptor (RyR) and the Na + /Ca 2+ (NCX) exchanger, having a negative inotropic
effect, due to less coupling and decreased sensitivity of troponin C regulatory sites to
Ca2+. Also, in acidosis, it conditions a delayed p-adrenergic response and decreases
the affinity of f-adrenergic receptors for vasoactive (norepinephrine, epinephrine)
and inotropic agents, decreasing the responsiveness to catecholamines [60].

The impact of the drop in pH generates a lower affinity of hemoglobin for oxygen
at the tissue level (Bohr effect), shifting the oxygen dissociation curve to the left;
acidosis also decreases cerebrospinal pH and could be responsible for the confusional
state. Altered pH suppresses lymphocyte function; the chemotactic and phagocytic
capacity of leukocytes is reduced, and the proinflammatory response of macrophages
is increased, all of which sets the stage for the development of infections. The impact
is also expressed in energy and enzymatic exhaustion, stimulating apoptosis and cell
death. These mentioned alterations are of multifactorial origin in the context of sepsis,
ischemia reperfusion, and AKI [61].

Not all acidosis is the same and it also depends on the disease that causes the
acidosis, since the type of acid determines the risk of mortality. In an observational
cohort study of 851 critically ill patients, it was identified that 64% developed acidosis
and mortality was 45%. When the subgroup analysis was performed, mortality was
higher in the lactic acidosis subgroup (56%) when compared to strong ion gap (SIG)
acidosis (39%) and hyperchloremic acidosis (29%) [62].

The treatment of acidosis should be aimed at treating the cause that generates it.
The administration of bicarbonate has the objective of reversing the deleterious
effects of severe acidosis, and the complications related to its use must be weighed.
Sodium bicarbonate is reported to cause a transient decrease in blood pressure
and cardiac output and hypocalcemia, sensitizing the heart to abnormal electrical
activity [63].

The use of sodium bicarbonate is a common medical practice in critically ill
patients and has not demonstrated a clear benefit. Next, we will review the evidence
that limits the general use of bicarbonate and is limited to particular cases (Table 4).

In a prospective, observational, multicenter study, 155 critically ill patients with
severe acidemia (single metabolic acidemia or mixed respiratory and metabolic

Bicarbonate is indicated in patients with hyperlactatemia with circulatory shock with pH < 7.2 and AKI in
the initial phase of resuscitation (Level of evidence: B)

In severe non-anion gap metabolic acidosis (NAGMA) (Level of evidence: B).

There is no evidence to recommend its use in a general way in cardiac arrest unless caused by
hyperkalemia; there is no clear evidence for its use in diabetic ketoacidosis and rhabdomyolysis [64].

Table 4.
Recommendations for the use of bicarbonate IN different clinical scenarios.
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acidemia) with pH values <7.2 within the first 24 hours of ICU admission were
analyzed. It showed that the incidence of acidosis in the ICU was 6%; 90% of the
patients studied required mechanical ventilation and vasopressors; 20% required KRT
within the first 24 hours, and the mortality rate was 57%. In non-survivors, SOFA,
SAPSII, anion gap, base excess, lactatemia scores and length of ICU stay were higher
and associated with higher mortality (p = <0.01). Regarding the development of AKI
or the need for KRT, there was no difference between survivors and non-survivors.
Administration of bicarbonate at different concentrations in the first 24 hours did not
improve prognosis [65]. Regarding the development of AKI or the need for KRT, there
were no differences between the survivors and not survivors. The administration of
bicarbonate in different concentrations in the first 24 hours did not improve the
prognosis [65].

In the BICAR-ICU a multicenter, open-label, randomized controlled, phase 3 trial,
a study of 389 patients, of whom 61% had sepsis (195 in the bicarbonate group and 194
in the control group), included patients within 48 hours of ICU admission presenting
with severe acidemia (pH <7.2, PaCO2 < 45 mm Hg, and sodium bicarbonate con-
centration < 20 mmol/L) and an arterial lactate concentration of 2 mmol/L or more
total Sequential Organ Failure Assessment (SOFA) score of 4 or more. The bicarbon-
ate group received 125-250 ml in 30 min, with a maximum of 1000 ml within 24 h of
inclusion. When assessing mortality on day 28 and failure of >1 organ on day 7
(primary composite outcome), there were no significant differences (p = 0.24) and in
those who developed AKI on the AKIN 2 and 3 scale, the use of bicarbonate improved
survival at 28 days (p = 0.017) and failure of >1 organ on day 7 (p = 0.014) and
decreased the need for KRT (p = 0.0283). This study shows several weaknesses and
requires a trial with a larger number of patients to obtain more conclusive results [49].

In another RCT of 1718 patients diagnosed with sepsis and metabolic acidosis (pH
< 7.3 and bicarbonate <20 mmol/L) randomized into two groups, 500 patients in the
bicarbonate group and 1218 patients in the control group, bicarbonate infusion had no
effect in reducing mortality (p = 0.67), but it is beneficial in reducing mortality risk in
patients with KIDGO AKI stage 2 or 3 and pH < 7.2 by 22% (p = 0.032) [66].

In two meta-analyses of five randomized controlled trials (RCTs) of AKI second-
ary to cardiac surgery (CSA-AKI) as a preventive measure, bicarbonate was adminis-
tered at a bolus dose of 0.5 mmol/kg of body weight, diluted in 250 ml of dextrose to
5% for 1 hour immediately after induction of anesthesia and then continuous infusion
of 0.15 mmol/kg/h diluted in 1000 ml of 5% dextrose for 23 hours. There were no
differences in the development of CSA-AKI between the patients in the sodium
bicarbonate group and the control group; there was no difference in mortality at 30
and 90 days, no differences in the need for KRT, nor in the days of stay in ICU
between both groups. It should not be recommended for the prevention of CSA-AKI,
and the perioperative infusion should be administered with caution due to the risk of
fluid overload [67, 68].

It should be considered that the injury mechanisms in CSA-AKI and in sepsis are
different and it is possible that the response and benefits of the use of bicarbonate are
also different. We hope that future studies will make it possible to individualize the
therapy in each group.

KRT is indicated for severe metabolic acidosis refractory to medical treatment in
the setting of AKI. In a retrospective study of 1815 AKI patients undergoing CKRT
who were assessed for pH trajectory in five groups during CKRT: 1st group normal
pH; 2nd group, suboptimal pH trajectory of 7.3 initially and approached pH 7.4; the
3rd group, recovering from acidosis with pH 7.2 to 7.3; 4th group, tendency to worsen
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acidosis with pH 7.3 to 7.2; and 5th group, uncorrected pH trajectory and less than 7.2
despite CKRT. AKI due to sepsis was more common in the 3rd group; the SOFA and
APACHE II scores, and the requirement for mechanical ventilation were higher in
groups 4 and 5. In the multivariate analysis, mortality increased from the first to the
fifth group, showing higher mortality from the 3rd to the 5th group (3rd group 74.2%,
4th group 78.2%, and 5th group 82.2%) despite the start of CKRT. The measurement
of CRP values >30 mg/dl occurred in a greater proportion in the patients of groups 4
and 5 of metabolic acidosis. It is important to consider that the inflammatory response
triggered by different pathways conditions the origin of oxidative stress, and mito-
chondrial and endothelial damage that can be a point of no return in patients with
sepsis, septic shock, and AKI. We see that with the support of CKRT, mortality did not
decrease. This work has several limitations, and randomized clinical trials are required
to ascertain whether pH correction during CKRT improves the survival rate of
patients with metabolic acidosis [69].

There is no consensus with which pH or bicarbonate value hemodialysis should be
started. In the RCTs in recent years, they use different values. In the ELAIN and
AKIKI study, they use a pH value <7.15 in the context of pure metabolic acidosis or
mixed acidosis, and it represented 21% of the CKRT indications in the second study. In
the IDEAL-ICU study, the cut-off value was pH < 7.15 and base deficit >5 mEq/I or
HCO3 — < 18 mEq/l, and acidosis represented 13.4% of CKRT indications. In the
STARRT-AKI study, the absolute criterion for CKRT was considered in the presence
of severe acidemia and metabolic acidosis, with a pH < 7.2 or HCO3 — < 12 mmol/],
and this criterion was present in 16.6% of those who required CKRT. Patients with
severe metabolic acidosis and stage 2 or 3 AKI should be managed with bicarbonate
with the based of delayed dialysis therapy that avoids complications associated with
early dialysis therapy and which does not confer a survival benefit [55-58].

4.3 Fluid overload

The administration of intravenous fluids is one of the cornerstones of the resusci-
tation of critically ill patients, with the aim of optimizing hemodynamics, increasing
stroke volume, improving organ perfusion, and supplying the O, supply. Fluid
resuscitation has been empirical; there is no ideal administration strategy free of
complications. The Surviving Sepsis Campaign recommends the use of a minimum
of 30 mL/kg (ideal body weight) of intravenous crystalloids and was based on
observational studies [70].

Fluid resuscitation carries a narrow line between insufficient resuscitation and
fluid overload. In the past, hydration was based on clinical parameters and basic
measurements (“blood pressure, edema, arterial blood gases, chest Rx, central venous
pressure (CVP) and pulmonary capillary wedge pressure (PCWP)” which have low
sensitivity, specificity and are late [71]. Currently, for a better assessment, dynamic
tests are used to assess the change in stroke volume after a maneuver that increases or
decreases venous return (preload) through echocardiography at the patient’s bedside,
pulse contour analysis (PCA), and trans-pulmonary thermodilution (TPTD). It is
mentioned that only 50% [72] of hemodynamically unstable patients respond to
volume; according to the Frank-Starling curve, increasing the preload allows the left
ventricular (LV) stroke volume to be increased until the optimal preload is reached,
achieving a stroke volume at a constant plateau. Resuscitation must be individualized
and guided in order to improve preload and increase stroke volume with fluid chal-
lenge and avoid excessive use of fluids in nonresponders [73, 74].
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% Fluid overload = (total fluid in — total fluid out) /admission body weight x 100)

Table 5.
% Fluid overload.

Fluid overload is the consequence of excess fluids in resuscitation, maintenance
solutions, drug dilutions, nutrition, and use of blood products. Fluid overload (FO)
was defined as the ratio between cumulative fluid balance (L) and initial body weight
(kg) at admission and expressed as a percentage. It is considered that an FO > 10% at
the time of AKI development has an adjusted odds ratio (OR) for associated death of
3.14 (95% CI, 1.18 to 8.33); for this reason, its importance in the assessment lies in the
critical patients (Table 5) [75].

It is important to differentiate that the positive cumulative balance that reflects
higher admissions than discharges without necessarily generating fluid overload; the
fluid overload itself reflects the degree of fluid accumulation in tissues (pulmonary
congestion and/or edema) and is expressed as a percentage [76].

The clinical condition with a positive cumulative fluid balance will have an
impact with multiple adverse effects such as the development and progression of
AKI, need for KRT, mechanical ventilation, intra-abdominal hypertension, and
capillary leak syndrome and with a higher probability of overload-associated mortality
(OR2.07) [77].

How is fluid overload generated?

The development of FO is due to the close balance between a deterioration in
cardiac function, the vasoplegic state that does not improve fluid supply, the AKI in a
state of oliguria/anuria, the inflammatory response in sepsis or other proinflammatory
clinical condition, and endothelial and glycocalyx damage, which are relevant factors
in the development of FO.

A key component is the endothelium of all blood vessels; it is covered by
glycocalyx or Endothelial Surface Layer (ESL), which is made up of a layer of poly-
saccharides that forms a network of molecules that generate a state of equilibrium
between the vascular wall and the plasma [78].

The glycocalyx is made up of: (Figure 3)

1.Proteoglycans: These are centrally arranged proteins with a domain attached to
the basement membrane through glypicans, syndecans, and other proteoglycans.

Superoxide dismutase  Antithrombin Il Albumin
Endothelial glycocalyx

TIVWVISY
Vessel lumen

CAPILLARY LEAK
SYNDROME

Subcalyx space

Hyalurenic acid
Interstitium

Jv/A = Lp [(Pe- Pis) = o (nc = ng)]

A B

Figure 3.
Structure of the glycocalix—capillary leak syndrome. (A) Structure of the glycocalyx. (B) Modified Starling’s law.
(C) Capillary leak syndrome [78-80].
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They are usually soluble and released into the bloodstream with mimecans,
perlecan, and biglycan.

2.Glycosaminoglycans: It is a grid made up of multiple members such as:
chondroitin sulfate heparan sulfate, dermatan sulfate, keratan sulfate, and
hyaluronic acid; these are attached to the proteoglycans in the form of side chains
and serve as binding sites for other proteins such as albumin, anticoagulant
factors (antithrombin III, Heparin cofactor II, Thrombomodulin, and tissue
factor pathway inhibitor), and antioxidants (superoxide dismutase).

There are patterns of sulfation, deacetylation, and epimerization in the
disaccharides that bind glycosaminoglycans, the structural variation of
glycosaminoglycans, and their effect on binding to specific proteins generates a
modification in glycocalyx function, thickness, charge modification,
transcellular permeability, and paracellular.

3.Glycoproteins: They are of three types:

o L and P type selectins that bind to leukocytes activated by cytokines (IL-1,
TNF alpha, lipopolysaccharides).

o Integrins that interact with laminin and fibronectin and subcellular matrix.

o Immunogglogulins: I-CAM 1-2, V-CAM-1, PE-CAM-1 that increase the
adhesion of leukocytes and platelets and allow diapedesis, respectively.

Von Willebrand Factor platelet receptor: Allows the Ib-IX-V, VWF, and
platelet complex union.

The glycocalyx plays an important role in homeostasis between the vascular wall
and the blood, dampens shear forces, prevents albumin loss, prevents leukocyte and
platelet adhesion, locally regulates coagulation, and has antioxidant properties
(superoxide dismutase) and vasodilator (release of nitric oxide) [78].

The difference of the pressures of the hydraulic conductivity and the reflection
coefficient of the proteins: Jv/A = Lp[(Pc — Pi) — o(nC— =i)], which, according to
Starling’s studies, shows that the hydrostatic pressure capillary (Pc) is 40 mm Hg and
the capillary oncotic pressure (nc) is 25 mm Hg) at the arterial end of the capillaries,
allowing fluid to leak from the endothelium into the interstitium; when the Pc (15 mm
Hg) at the venous end will be less than nic, it will allow the reabsorption of liquid from
the interstitium into the blood vessel. This theory has been modified, and the partic-
ipation of the glycocalyx is incorporated through the subglycocalyx space located
above a tight junction in the intercellular space, which has subglycocalyx hydrostatic
pressure (Pg) and subglycocalyx oncotic pressure (ng) typical of the subglycocalyx
space; the pressures that oppose liquid filtration toward the interstitium are zC - xg,
which must be greater than ni, which equalizes the rate of lymphatic drainage and
thus prevents interstitial edema (Figure 3). Alteration of the endothelial barrier
allows albumin to move into the interstitium, increasing i, and fluid moves into the
interstitium of different organs. Crystalloids increase Pc and reduce nc, which trans-
lates into increased transcapillary filtration forces, while colloids also increase Pc but
do not decrease nc. In inflammatory states, albumin allows better intravascular vol-
ume expansion, but it is not retained intravascularly and loses its oncotic effect, and
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its administration did not improve oxygenation in ARDS in a sustained manner, nor
mortality (Figure 3) [79, 81].

In patients, sepsis, COVID-19, acute pancreatitis, and burned within the multiple
etiologies, have a common denominator that is the inflammatory response, where
TNF alpha, heparinase, hyaluronidase, thrombin, reactive oxygen species (ROS),
metalloproteinase 15, and the Atrial Natriuretic Peptide (ANP) are described as mol-
ecules that damage the integrity of the glycocalyx, expose the selectins and integrins
of the endothelium, allow the adhesion of leukocytes and platelets, and increase
hypercoagulability and loss of endothelial integrity with capillary leakage, altering
blood flow and altering the transport of oxygen to tissues and organs. In experimental
studies syndecane-1, heparan sulfate are used as a biomarker of endothelial damage
and disease severity [82].

Fluid overload has a negative impact on lung function due to the presence of
extravascular water that alters gas exchange, increases the work of breathing, reduces
compliance, decreases PaO2/FiO2, and decreases blood oxygen content. In a random-
ized study of 1000 patients, liberal vs. conservative hydration was compared in
patients with acute respiratory distress syndrome (ARDS), where the cumulative
balance was positive (6992 + 502 ml) in the liberal strategy group and the conserva-
tive strategy (—136 £ 491) (P < 0.001). The restrictive strategy had more free days
without mechanical ventilation (14.6 & 0.5 vs. 12.1 & 0.5) and shorter ICU stay, but no
statistical differences were found in mortality [83].

Considering the deleterious effects of FO in a multisystemic way, in medical
management, with the current evidence, the use of restrictive measures in fluid
resuscitation is fundamental, and a strategy that should be used is the ROSE protocol
and deresuscitation [77].

Similar results are found in a systematic review and a meta-analysis evaluating the
efficacy of conservative fluid strategies in adults and children with ARDS, sepsis, or
systemic inflammatory response syndrome (SIRS); there were no differences in mor-
tality with the conservative strategy vs. liberal (p = 0.83); duration in days of ventila-
tion was shorter in the conservative group (10.13 vs. 12.6 days, p = < 0.05). In the
FACCT study, a multicenter, randomized, and controlled trial of 1000 ARDS patients
who are intubated and receiving positive pressure ventilation, two hydration strate-
gies are compared in two groups, the conservative group (n = 503) and the liberal
group (n = 497); there were no differences in 60-day mortality (P = 0.30), the
duration of mechanical ventilation was shorter (10.37 vs. 13.59 days (P < 0.001)),
shorter ICU stay within the first month (1.4% vs. 11.2% (P < 0.001)), CV failure-free
days within first week 3.9% vs. 4.2% (P = 0.04), and furosemide daily dose on day 7 is
higher in the conservative group (137 mg vs. 87 mg) (P < 0.001). In a post hoc
analysis of the FACTT study, Liu et al. show that the incidence of AKI is lower in the
conservative strategy group and in only one study of this meta-analysis, it shows that
the conservative strategy decreased the days of KRT dependence (P < 0.05) [83, 84].

In the REVERSE-AKI trial, a multinational, randomized, and controlled study of
100 critically ill patients with AKI according to KDIGO criteria who received fluid
resuscitation was randomized into two groups, the restrictive fluid management
group (n = 49) and the usual care group (n = 51). The primary outcome as cumulative
fluid balance at 24 (—416 ml)(p = 0.004) and 72 h was lower in the restrictive group
(—1080 ml) (p = 0.033); cumulative fluid balance at ICU discharge /day 7 was less in
the restrictive group (—2166 ml) (p = 0-043); fewer patients in the restrictive group
required KRT (13% vs. 30%) (p = 0.043); there were no differences in the duration of
AKI [85].
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In a retrospective cohort of 172 patients of whom 21.8% had FO, the median fluid
accumulation in the FO group was 8.6% (12,644 mL) versus 0-4% (5976 mL) in the
non-FO group. In the multivariate analysis, the predictor variables for the develop-
ment of FO were surgery prior to ICU admission (OR 2.35), septic shock (OR 2.05),
need for mechanical ventilation on ICU admission (OR 1.56) and planned ICU admis-
sion (OR 1.70), baseline lactate (OR 1.28) on day 3 of admission to the ICU. The
Random Forest and Boruta, Classification Decision Tree, and Fast and Frugal Tree
models show that the highest risk of FO is found in patients with lactate >2.6 mmol/L,
bicarbonate <19.0 mmol/L, surgery prior to admission, baseline creatinine
>156 pmol/L (> 1.7 mg/dl), and APACHE IV of >36. This proposal of FO phenotypes
based on the variables described is interesting, but it has limitations as it is a retro-
spective, single-center study with possible bias [76].

In recent years, pulmonary ultrasound has gained a lot of ground in the assessment
at the patient’s bedside and has been very useful in the diagnosis of pulmonary
congestion. In a prospective cohort of 50 critically ill patients with different patholo-
gies, 4 parasternal territories were evaluated with ultrasound (US) with a score of 0 to
32 according to the degree of pulmonary congestion, and extravascular lung water
index (ELWI) measurements were also performed; a close correlation was observed
between the ultrasound score and the EVLWI (Spearman’s r = 0.91, P < 0.0001). A
US score > 18.5 correlates with a severely increased EVLWI >15, with a sensitivity of
92.3% and a specificity of 94.6% (AUC ROC = 0.9636). The correlation of chest
radiographs with the EVLWI was weak; therefore, US is an excellent alternative to
evaluate FO in the ICU [86].

The harmful effect of FO on the kidneys begins with the use of unbalanced
solutions rich in chlorine that generate the release of adenosine that causes vasocon-
striction of the afferent arteriole; a decrease in renal perfusion is described, seen in
magnetic resonance with the use of 0.9% saline [87]. FO causes interstitial edema
in the kidneys when the lymphatic drainage capacity is exceeded, and the kidney,
being an encapsulated organ, does not have space to expand, and an increase in
intracapsular pressure is generated “renal tamponade,” this alters tissue oxygenation,
worsening of venous congestion which reduces the transrenal pressure gradient for
renal blood flow (RBF) and reduces arterial blood flow affecting glomerular filtration
rate and also impacts renal recovery [88]. Rapid infusion of solutions increases atrial
pressure, allowing the release of ANP, which is described as one of many determinants
in the degradation of endothelial glycocalyx-syndecan-1 [89].

Liberal resuscitation with crystalloids in terms of total volume as well as volume
administration rate are risk factors in patients with sepsis, pancreatitis, burns,
and polytraumatized patients for increased intra-abdominal pressure (IAP). When
PIA values are >12 mmHg in a sustained manner, it is defined as intra-abdominal
hypertension (IAH), and when sustained PIA values are >20 mmHg, it may or
may not compromise the Abdominal Perfusion Pressure (APP = TAM-PIA); if
the values of APP are <60 mmHg, it is associated with new organ dysfunction or
failure, and this clinical situation is called abdominal compartment syndrome
(ACS) [80].

The increase in intra-abdominal pressure elevates the diaphragm, which causes an
increase in intrathoracic pressure, central venous pressure, and pulmonary capillary
pressure, and reduces cardiac output (CO). The increase in CVP allows the increase in
intracranial pressure, generating a decrease in cerebral blood flow. The IAH produces
compression of the inferior vena cava; it also reduces renal blood flow and, together
with the decrease in cardiac output, is factor for the development of AKI. The impact
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of AHI extends to the intestinal level with decreased intestinal capillary perfusion,
causing ischemia, bacterial translocation, and increased release of cytokines [90].

The management of AHI/ACS has three pillars: measuring the magnitude of intra-
abdominal pressure, identifying the development of organic dysfunction, and identify-
ing the etiology. Management is focused on resolving the medical or surgical cause; the
use of diuretics is a treatment option, but the decrease in cardiac output and resistance
to diuretics are factors that limit their usefulness. KRT is an alternative and has an effect
on the decrease in intra-abdominal pressure, described in a retrospective cohort study
of nine critically ill patients where changes in IAP, global end-diastolic index (GEDVI),
and EVLWI were evaluated through the PiCCO monitor in those receiving dialysis,
Sustained low-efficiency daily diafiltration (SLEDD), or continuous veno-venous
hemofiltration (CVVH) with the objective of achieving a negative cumulative balance.
It was observed that A IAP decreased per dialysis session in a range of —1.4 mmHg
(p < 0.0001); decrease in GEDVI after dialysis was 830 ml/m?* (range 628 to
1199 ml/m?) (p = 0.008). The reduction in EVLWI was very modest at 1 mL/kg or
65 mL for a mean fluid loss of 1.9 L. This slight reduction in EVLW is said to be due to
greater extravascular water mobilization from other regions than from the lungs, and
the presence of capillary leak syndrome perpetuates the movement of fluid into the
pulmonary interstitium. There are many limitations to this work, ours being a small,
heterogeneous group with cardiogenic and noncardiogenic pulmonary edema [88, 91].

The use of diuretics is an important alternative in the management of FO. In a
multicenter, randomized, controlled trial of 59 fluid-overloaded adult patients admit-
ted to the ICU (radiographic evidence of pulmonary edema, clinical signs of volume
overload in association with elevated central venous pressure > 16 mm Hg or pulmo-
nary wedge pressure capillary >16 mm Hg). They were randomized into two arms of
furosemide administration, bolus group (n = 27) vs. continuous infusion group
(n = 32); diuresis in 24 hours was similar 5.3 L vs. 5.4 L (p = 0.64); in the bolus group a
higher dose of furosemide (24.1 mg/h) was required versus 9.2 mg/h in the infusion
group (p = 0.0002) in the first 24 hours; and after 24 hours, there were no differences.
Mean urine output per furosemide dose was higher in the continuous infusion group
(31.6 ml/mg versus the 18 ml/mg bolus group) (p = 0.014) in the first 24 hours,
and after 24 hours, there were no differences; the values in serum creatinine
between the beginning and at the end of the therapy with furosemide did not have
differences [92].

Extrapolating from the results of the DOSE study in patients with acute
decompensated heart failure, we compare the administration of loop diuretics in
continuous infusion versus intermittent bolus and low versus high doses in terms of
achieving symptom improvement and deterioration of renal function at 72 hours.
There were no statistically significant differences in the global assessment of symp-
toms in the intermittent bolus or continuous infusion groups, or between the low and
high dose groups, and the high dose tended to be better than the low dose (P = 0.06).
High-dose use resulted in an increase in creatinine >0.3 mg/dl at 72 hours as a positive
effect of decongestion compared with the low-dose group, but there was no difference
in kidney injury rates at 60 days (4 vs. 9%) [93].

In critical patients with resistance to loop diuretics, the dose can be increased
exponentially or sequential blockade of the tubules with acetazolamine, thiazda,
and/or spironolactone with the aim of improving the diuretic response, another option
widely used empirically is the use of furosemide and human albumin [94, 95].

In a meta-analysis of 13 studies of heterogeneous quality, where they recruited 422
patients and the administration of furosemide with albumin increased the mean
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diuresis rate to 31.45 ml/hour (p = <0.01), and increased natriuresis by 1.76 mEq/
hour (p = <0.01). In the subgroup analysis, it was observed that those with albumin
values <2.5 gr/dl; the use of higher doses of albumin (>30gr) had a better effect in
terms of diuresis and natriuresis. A trend of better diuresis is observed in eGFR lower
than 60 ml/min/1.73 m2 without statistical relevance (p = 0.1) [96].

In cases of significant FO, acute pulmonary edema refractory to diuretics with
Pa02/FiO2 < 300 mmHg, a resource in this clinical scenario, is Slow Continuous
Ultrafiltration (SCUF) and/or CKRT depending on the clinical requirement, and
these are alternatives that have been extensively studied with conflicting results. In a
retrospective cohort study of 98 critically ill patients who required ECMO, 85% of
them developed AKI, and of these, 49% required CKRT; in those who had FO > 10%
72 hours after connection to ECMO and developed severe AKI, 90-day mortality was
higher when compared to those who did not develop AKI (HR 2.2; 95% CI, 1.3 to 3.8;
P = 0.004) and those in the subgroup requiring CKRT had higher mortality
(P =0.029), and it is observed that CKRT does not ensure a negative fluid balance, but
helps to achieve a less positive balance [97].

In the ELAIN study, fluid overload was defined as worsening pulmonary edema,
Pa02/FiO2 < 300 mgHg or fluid balance >10% of body weight. In this study, the
positive cumulative balance on the 3rd day after randomization was 2773 ml for the
early group versus 2207 ml for the late group; these positive cumulative balances are
similar to the restrictive hydration groups of other works, and these volumes could
have little impact on mortality. The parameters used in the AKIKI study for fluid
overload correspond to the presence of acute pulmonary edema due to fluid overload
causing severe hypoxemia defined by the need for >5 L/min of oxygen to achieve
SpO2 > 95%, or FiO2 requirement >50% in mechanically ventilated patients; these
parameters can be subjective to define them at the bedside of the patient [55, 56].

In the IDEAL-ICU study, the definition of fluid overload corresponds,
pulmonary edema due to fluid overload refractory to the use of diuretics; the
accumulated positive balance on day 7 of hospitalization in the ICU in the early strategy
group was 5570 £ 8761 (1%) and in the late strategy group 5878 & 7472 (4%), and there
were no differences in terms of 90-day mortality between both strategies [57].

In the STARRT-AKI in the accelerated group, the cumulative fluid balance was posi-
tive (2.7 L) at the start of dialysis, and 97% of the patients in this group received KRT. In
the standard group, the balance was more positive (5.9 L), and only 62% received KRT.
The most common reason for starting dialysis in the standard group was volume overload
with a PaO2 /FiO2 < 200, and KRT did not impact on improved survival [58].

It is possible that in the AKIKI, IDEAL-ICU, and STARRT-AKI studies, FO is less
than 10%, so that KRT has little impact on better survival regardless of the timing of
the start of KRT. The use of an agreed definition of FO and the use of ultrasonographic
evaluation methods or EVLWI measurement techniques will allow a better interpre-
tation of this variable and a better evaluation of its impact on mortality.

4.4 Uremia

For many years, it has been defined as a “toxic syndrome due to kidney damage
associated with changes in the tubular and endocrine function of the kidney,
characterized by the retention of toxic metabolites and accompanied by changes in
the volume and composition of body fluids and excess or deficiency of various
hormones” [98].
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Classification of uremic toxins [101].

Urea measurement is not an ideal biomarker to assess uremia; it is a metric that is
used as a proxy for authentic uremic toxins. The presence of uremic toxin has been
extensively studied in CKD, but in AKI the evidence is scant.

Uremic toxins are metabolite products generated by the diet and are excreted by
the kidneys under conditions of preserved renal function. AKI generates uremic
toxins that rapidly affect nonrenal organs such as the brain, lungs, heart, liver, and
intestines. Only 30% of CKD uremic toxins have been studied in AKI; these toxins
have a biological effect with an impact on non-renal organs, renal recovery, and
mortality [99]. AKI is characterized by reduced excretory capacity and leads to the
accumulation of metabolic products that interact with the blood-brain barrier, intes-
tinal microbiota, lung epithelium, and the cardiovascular system [100].

Uremic toxins are classified into three groups according to the European Working
Group on Uremic Toxins (EuTox) (Table 6) [100].

5. Water-soluble compounds without protein binding

In AKI, dimethylarginine dimethylaminohydrolase (DDAH) activity decreases,
which is an enzyme produced in renal tissue that degrades asymmetric
dimethylarginine (ADMA), the latter is a competitive inhibitor of NO synthase
(NOS), thus reducing the formation of nitric oxide (NO), which is expressed by a
decrease in urinary sodium and nitrite/nitrate excretion [101]. The kidneys under
normal conditions metabolize ~260 pmol (x50 mg) of ADMA and excrete ~60 pmol,
during AKI the increase between 1 and 3 pmol/L [100]. The increase in ADMA is
associated with endothelial damage through the p38 MAPK/caspase-3 pathway that
regulates the organization of the actin cytoskeleton and intercellular junctions by
interrupting VE-cadherin [102] of the systemic vascular endothelium and at the in the
lung there is severe epithelial hyperpermeability and pulmonary edema [103];
contractility and heart rate also decrease, and pulmonary artery pressure increases due
to loss of NO vasodilator capacity [99]. In AKI, proximal tubule injury, heat shock
protein 27 (MAPK/HSP 27) is released, which activates p38 protein kinase, which is
involved in increased vascular permeability, epithelial edema, and pulmonary
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capillary congestion [104]. It also decreases contractility and heart rate and increases
pulmonary artery pressure due to loss of NO vasodilator capacity [101].

The increase in uric acid is related to the reduced excretion due to decreased eGFR; it
is described that uric acid has a vasoconstrictor effect on afferent arterioles and inhibits
the release of NO in endothelial cells and proinflammatory activity because it induces
the release of MCP-1, ROS and activation of NF-KB and p38-MAPK [100, 104].

6. Protein-bound compounds

In models of acute tubular necrosis, proximal tubular cell injury results in loss of
expression of OAT1/3, which are transcellular transporters, and loss of protein-bound
uremic toxin secretion and reabsorption function. Accumulation of protein-bound
uremic toxins may continue despite renal recovery [105].

In recent years, the concept of the kidney-intestine axis has gained much impor-
tance, due to the fact that dysbiosis is generated in AKI with a decrease in Lactobacilli
Ruminococacceae and an increase in Enterobacteriaceae and Escherichia coli, the
latter being responsible for the generation of p-precursors cresol and indole
sulfate, and intestinal permeability is altered, and the inflammatory response is
amplified [105].

6.1 Indoxyl Sulfate (IS)

It is a product of tryptophan metabolism that is eliminated by secretion from the
proximal tubule and accumulates in AKI. At the pulmonary level, it decreases the
expression of Aquaporin-5 and Na/K+ ATPase, altering alveolar clearance mecha-
nisms and causing thickening of interstitial lung tissue. IS blocks a K+ channel, delays
cardiac repolarization, and prolongs the QT interval with an arrhythmogenic effect,
and also causes endothelial progenitor cell dysfunction [100]. At the renal level, it
increases the formation of ROS, stops the tubular cell cycle in the G2M phase, dam-
ages the DNA of tubular cells, and activates fibroblasts that induce progression to
CKD, and there is a correlation with the severity of renal injury [105, 106].

6.2 P-cresol sulfate

It originates from the p-cresol precursor, which is formed by bacterial fermenta-
tion of proteins in the large intestine and which increases the adhesion of leukocytes to
the vascular wall, increases vascular permeability, and is associated with decreased
cardiac contractility [105].

Hyperhomocysteinemia has been described in AKI, which aggravates mitochon-
drial damage and may be a factor in increasing apoptosis of renal tubular epithelial
cells and perpetuating the damage [100, 107].

7. Average molecular weight molecules

AKI during tubular injury, regardless of the etiology, cytokines are released by the
tubules and this conditions the migration to renal tissue of immune cells such as
neutrophils, monocytes, and lymphocytes; the increased immune response causes
damage to renal tissue. The released cytokines weigh in a range of 5 and 20 kDa, and
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Figure 4.
Systemic effects of uremic toxins. AKI conditions retention of uremic toxins and has a deleterious effect at the
multisystemic level [100, 101, 104-106].

there is controversy as to whether the proinflammatory state that impacts multiorgan
damage should be considered as uremic toxins (Figure 4) [100].

8. Role of the gut microbiota in acute kidney injury and inflammation

In AKI, the inflammatory response of the parenchyma determines a remote signal
that is expressed in the activation of neutrophils in the lamina propria of the intestine;
this leads to the dedifferentiation of circulating monocytes and generates a
proinflammatory macrophage phenotype at the intestinal level; this is accompanied
by of inflammation, increased permeability of the intestinal wall, and bacterial or
endotoxin translocation; a dysbiosis is generated with a decrease in Lactobacillus and
an increase in Escherichia and Enterobacter, and this imbalance leads to the loss of
short-chain fatty acids (SCFAs).) that under normal conditions fulfills pleiotropic
functions in the integrity of the intestinal barrier, T-reg activation mediating
immunomodulation and under dysbiosis conditions; it facilitates the activation of the
innate immune response [108].

Through the increase of TGF-p and IL-6 and E. coli, Th17 lymphocytes are acti-
vated in the small and large intestine; it is also mentioned that the intestinal inflam-
matory response is expressed with increases in the mRNA of renal tumor necrosis
factor (TNFa) and interferon (IFN-y) and IL17, which is related to inflammatory
amplification and greater severity of AKI [109]. TNFa, IFN, and IL-6 are elevated
after ischemic and non-ischemic AKI these cytokines generate liver damage, which in
turn amplifies the inflammatory response that impacts intestinal damage and induces
IL-17A release [110].

The marker used to assess uremia for many years has been urea/BUN; the cut-off
value of blood urea nitrogen (BUN) for CKRT onset originates from retrospective
cohort studies of several studies in which high values or values considered as “late”
onset for CKRT as values >94.5 mg/dl were related to higher mortality (p < 0.0001)
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[110]. In another retrospective cohort study of patients with sepsis and AKI, those
requiring KRT were defined as “early” onset with BUN <100 mg/dl and “late” onset
with BUN values >100 mg/dl. In logistic regression analysis, those in the “late” group
mortality at 14 days (OR 3.6, P = 0.001), 28 days (OR 2.6, P = 0.01), and 365 days (OR
3.5, P = 0.02) was higher [111]. Vin-Cent Wu et al. in another retrospective cohort
study of critically ill patients with acute liver injury and AKI who required CKRT after
major surgery, it was observed that those in the “late” dialysis group with BUN

>80 mg/dl had higher mortality rate (P = 0.02) and lower rate of recovery of renal
function (P = 0.02) compared to the “early” dialysis group [112].

In the PICARD study, a multicenter observational study of 243 patients, it was
observed that in the group with high azotemia (BUN >76 mg/dl) adjusted by vari-
ables, the relative risk (RR) of death associated with the start of dialysis at a high BUN
was of 1.85 (95% confidence interval: 1.16 to 2.96) [113].

In the RCTs, the urea values for the start of CKRT were taken from the reference
values of retrospective cohort studies; in the ELAIN study, in the “late” start group,
BUN >46.67 mg/dl had an outcome of higher mortality at 90 days, when compared to
the “early” start (P = 0.03.). In the AKIKI study, the development of uremia was
defined as a BUN >112 mg/dl, criteria for starting KRT in the late group; 60-day
mortality did not have significant differences with the early start group (AKI
KDIGO3). The AKIKI 2 study defines a limit of very late when BUN >112 mg/dl or
oliguria is >72 hours. In the multivariable analysis, the risk of mortality is 65%. If we
wait a long time for the decision to start KRT, this study gives us the waiting limit
[48, 49, 114].

Future studies on risk assessment of AKI development, prevention measures, use
of biomarkers or modulation of the inflammatory response, management of dysbiosis,
and timely initiation of KRT will be important to make better decisions on AKI
management in critically ill patients.

9. Evidence at the START of kidney replacement therapy
9.1 Randomized controlled trials (RCTs)

Controversy has been generated for many years at the start of KRT in AKI, with
the desire to answer this question; from 2016, several RCTs were carried out in order
to make better decisions and with better outcomes, then will describe the most
relevant studies.

The ELAIN is a French study, with a single-center RCTs design, which included
patients aged 18-90 years, with severe Sepsis with catecholamines (noradrenaline/
adrenaline) at a dose >0.1 mcg/kg/min, with refractory fluid overload data (PaO2/
FiO2 < 300 mgHg, FO >10% of body weight), with SOFA >2 and with Acute Kidney
Injury - KDIGO stage 2 and NGAL >150 ng/dl. Two groups were randomized, when
the “early” KRT onset (n = 112) was within 8 hours of AKI - KDIGO2 diagnosis and
the “late” onset group (n = 119) within 12 hours of AKI-KDIGO3 diagnosis or when
they met any of the absolute indications (Urea >100 mg/dl, oliguria <200 ml/12 hours
or anuria, K > 6 and/or ECG abnormalities, magnesium >4 mmol, pH <7. 15, organ
edema in the presence of AKI, resistance to diuretics). The primary outcome was
mortality at 90 days showing lower mortality in the “early” group (39.3) vs. “late”
(54.7%) with HR 0.66, and p = 0.03, in relation to secondary outcomes median
duration of KRT, was lower in the “early” group (9 days) vs. “late” (25 days)
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(p = 0. 04); improved recovery of renal function at day 90 in the “early” group was
53.6% (p = 0.02) vs. 38.7% in the “late” group; median duration of mechanical
ventilation was shorter in the early group (p = 0.02); the same group had shorter
hospital stay (p = <0.001); in the rest of outcomes, there were no significant statisti-
cal differences. This is a single-center study with our patients mostly surgical; not all
treatments were standardized, and it generates bias in internal validity. On a positive
note, it is worth noting that CKRT was performed and then transitioned to SLED and
intermittent haemodialysis. These results of the benefit in the “early” start are related
to other similar results in patients operated on cardiac surgery, where the temporality
is different with respect to other etiologies of AKI [55].

The AKIKI Trail, a French study, is a multicenter, unblinded, RCTs design, which
included critically ill patients >18 years with invasive ventilation and/or catecholamine
infusion, with AKI within 6 hours after validation of KDIGO stage 3 renal injury
(defined by creatinine >354 pmol/liter or 3 times baseline, Anuria (<100 ml/day for
>12 hours) and Oliguria (diuresis <0.3 ml/kg/h or < 500 ml/day for >24 hours)
compatible with tubular necrosis. Two groups were randomized; the “early” KRT
initiation group (n = 312) was within 6 hours after AKI-KDIGO3 diagnosis and the
“late” KRT initiation group (n = 308) when they developed absolute indications (urea
>40 mmol/L, K > 6 mmol/L, pH < 7.15; acute pulmonary edema with severe hypox-
emia and oliguria/anuria >72 hours). The primary outcome was mortality at 60 days
and there was no statistical difference between groups (p = 49); in the secondary
outcome, the “early” group received KRT in 98% of patients unlike the other group
(51%); there were more catheter-associated infections in the “early” group (10%) vs.
5% in the late group; in other outcomes analyzed, there were no significant statistical
differences. A strength is that 49% of patients in the “late” group did not require KRT
and recovered renal function (50). This work was not blinded, and this generates bias. It
is noteworthy that 50% of the critical patients performed KRT in intermittent modality,
and this is not a common practice in the clinical condition where 80% of the patients
required vasoactive agents, and it is not a common practice in the country where the
study was carried out. This study is not comparable to ELAIN, because a greater
number of patients who were included in the AKIKI were medical causes of hospital
admission and the most frequent cause of AKI was sepsis, which has a different patho-
physiological context than the cardiac surgery patients in the ELAIN Trail [56].

In the IDEAL-ICU is another French study with a multicenter, unblinded RCTs
design, which included adult patients with septic shock within 48 hours of vasopres-
sor initiation and AKI defined and classified according to RIFLE criteria in grade F;
randomization was performed in two branches: those who initiated KRT “early”

(n = 239) within 12 hours of AKI-RIFLE(F) diagnosis and those who initiated KRT
“late” (n = 238) was within 48 hours of AKI-RIFLE(F) diagnosis or in the presence of
absolute indications (K > 6. 5 mmol/L, pH < 7.15, fluid overload refractory to
diuretics). In mortality outcomes at 28 and 90 days, there were no significant statisti-
cal differences (p = 048 and p = 38, respectively), median days free of KRT, mechan-
ical ventilation, vasopressors, and positive cumulative balance at 7th day; there were
no differences between groups, but a higher incidence of hyperkalemia was identified
in 4% (p = 0.03) in the “late” start group. Delayed onset allowed time for spontaneous
recovery, and only 29% of this group did not require KRT [57].

STARRT-AKI Trail is a multinational RCTs with larger number of patients enrolled
(n = 2927); participants were randomized 1:1 for accelerated versus standard KRT
initiation. >18 years of age, admitted to an ICU with AKI defined as Cr > 100 umol/l
in women and Cr > 130 umol/l in men and who have not decreased Cr by >27 umol/l
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in 48 hours and with evidence of severe AKI with at least 1 of the following 3 cases:
>2-fold increase in creatinine from baseline, Cr > 354 umol/l and >27 umol/l above
baseline creatinine and with urine output < 6 ml/kg in 12 hours. Two groups were
randomized: “accelerated” (n = 1462) was termed when starting KRT within 12 hours
after AKI-KDIGO3 diagnosis and the standard group(n = 1465), when AKI persists
>72 hours from randomization and one or more of the classic indications: K > 6 mmol/
L, pH < 7.2 or HCO3 < 12 mmol/L, acute pulmonary edema (P/F < 200). In the
analysis of the outcomes, it is evident that in mortality at 90 days, there were no
differences between both groups (p = 0.92); KRT dependence at 90 days was higher in
the accelerated group (10.4%) vs. 6% (RR1.74), and adverse events such as hypoten-
sion and hypophosphatemia were higher in the accelerated group, all-cause mortality,
KRT dependence at 90 days, MAKE, glomerular filtration, albuminuria, mechanical
ventilation, and vasoactive-free days, no significant differences were found between
the two groups. This study recruited the largest number of patients of all the RCTs and
has internal and external validity, which is applicable to real-world life and has
significant results at the time of decision making [58].

The AKIKI2 study is from the group of S. Gaudry et al. and is an unblinded,
multicenter, prospective, randomized, and controlled trial. It included patients hospi-
talized in ICU who received mechanical ventilation and/or catecholamine infusion with
AKI according to KDIGO definition. Randomization was performed in two groups,
“delayed” group (n = 137) when KRT onset occurs with AKI-KDIGO3 with KDIGO with
oliguria: diuresis <0.3 ml/kg/h or < 500 ml/d) or anuria (diuresis <100 ml/d) for
>72 hours or azotemia: BUN >112 mg/dl (40 mmol/l) and 140 mg/dl (50 mmol/l) and
the “more delayed” group (n = 141), those with absolute indications mentioned in the
AKIKI or urea >140 mg/dl (50 mmol/l). In the primary outcome was number of days
without KRT from randomization to day 28; there were no differences between groups
(p = 0.93); in terms of ICU, in hospital mortality at 28 and 60 days, there were no
statistical differences (p = 0.26, p = 0.71, respectively), the number of patients with
renal recovery, days free mechanical ventilation, vasoactive agents, ICU-hospital stay
time, dialysis dependency time, infection rates, and positive cumulative balance was
similar in the two groups. In the multivariate analysis, the risk factors associated with
60-day mortality were more delayed initiation of KRT (HR 1.65), mechanical ventila-
tion (HR 3.44), and SAPS III (HR 1.03). The strength of this study is that it places an
“upper limit” for dialysis initiation as a mortality risk point [114].

9.2 Meta-analysis

In a systematic review and meta-analysis, they included 56 studies, and of these, 10
were RCT's; 4753 critically ill patients with severe AKI were included, where all-cause
mortality was 45.5% in the accelerated group vs. 46.6% in the standard group
(p = 0.46), without differences in mortality at 28 and 90 days; there were no differ-
ences in dependence between both groups (p = 0.08). In the analysis by subgroups,
there was a greater dependence on KRT in early-onset patients with SOFA >11 and in
mixed dialysis modality (CKRT and intermittent hemodialysis). The subgroup of
surgical patients had lower mortality when receiving CKRT and less dialysis depen-
dence than the subgroup of nonsurgical patients; the risk of dialysis dependence was
increased in the accelerated KRT group when those patients used non-CKRT modality
or had high SOFA scores. This meta-analysis was methodologically flawless and low in
publication bias [115].
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Another meta-analysis includes 18 RCTs with 2856 patients and focused on the
timing of KRT initiation (accelerated vs. standard), and there were no differences in
mortality (p = 0.9). In the subgroup of high-quality RCTs, there were no statistical
differences (p = 0.7) and there were no differences in mortality at 28 and 90 days,
mortality was similar in the CKRT and intermittent hemodialysis modalities, and
mortality was similar in the AKI groups. In the community and in the ICU, it is
reported that there was greater dependence on KRT in the accelerated start group and
in four studies catheter-associated complications and infections were observed [116].

Wei-Ting Lin et al. report a meta-analysis of 11 RCTs assigned to early (n = 1131)
and late (1111) groups; mortality at 28, 60, and 90 days was similar in both groups; in
ICU and hospital mortality, there were no statistical differences. In four studies of
surgical patients, mortality was lower in the early-onset group and is supported by
other studies with similar results in the same population, but the dependence of KRT
at 28 and 90 days was similar between groups and did not improve renal recovery
either. Regarding adverse events, infections and hypophosphatemia were more fre-
quent in the early-onset group. In this study, the heterogeneity of the studies was high
[117]. In another meta-analysis of 15 RCTs, they included 5395 patients who showed
similar results in that there were no significant differences in mortality at 28, 60, and
90 days, without differences in terms of ICU and hospital stay, with more episodes of
hypotension and infections in the early-onset group [118].

Another meta-analysis of 14 RCTs where 5234 patients were recruited and com-
pared early vs. late initiation of KRT, no differences were found in mortality at 30 (RR
1.0) and 90 days (RR 1.0); there was greater dependence on KRT; hypotension and
hypophosphatemia in the early-onset group [119].

The current evidence supports the conservative approach of waiting for classic
indications, considering a time limit of more than 3 days of anuria/oliguria or urea
>240 mg/dl for the start of KRT, given that a longer delay increases the risk of
mortality [114, 119].

10. Other non-classic indicators that should be considered when decisién
making at the START of KRT

10.1 Patient severity

Patient severity influences the risk of developing AKI, as evidenced in a prospec-
tive cohort study of 33 surgical patients admitted to the ICU, 22 of whom had sepsis
and AKI at different stages. The biomarkers SOFA, APACHE III and serum and
urinary NGAL these last two biomarkers had an area under the curve (AUROC) of
0.98, AUROC of 0.885 respectively, the SOFA score together with serum and urinary
NGAL reach an AUROC 0.963 to predict AKI and mortality [120].

It is a retrospective cohort of 90 patients who are divided into two groups: the
survivors and the non-survivor group. In the non-survivor group at the start of KRT,
the APACHE III value, vasoactive-inotropic score (VIS), and lactate were higher than
in the survivor group; the APACHE III scores had an AUROC of 0.866 and the VIS
AUROC of 0.796; the SOFA had an AUROC of 0.732, as predictors of mortality. In the
multivariate analysis at the beginning of KRT, APACHE III had an OR 1.22, VIS an
OR1.147, low MAP before KRT had OR 1.17, lactate before KRT had OR 1.55; time
from diagnosis to “late” start of KRT reached OR 1.014; all were independent risk
factors for mortality in AKI with KRT. Variables other than the classical ones are
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Figure 5.

Classic and severity criteria in the critically ill patient for initiation of KRT. Classically known indications for KRT
are when complications are generated in severe AKI. We mention that AKI is a pathology with systemic impact and
it is important to observe other severity factors in the critically ill patient that allow us to make the best decision on
when to initiate KRT [120-122, 124-127].

possible (uremia, pH, bicarbonate and K) and should be considered and help to choose
the moment to start KRT in critically ill patients [121]. Regarding VIS, a retrospective
cohort showed in the multivariable logistic regression analysis that VIS was associated
with postoperative AKI (OR 1.19) (P < 0.001) and with the need for KRT (OR: 1.29,
P = 0.007). The VIS AUROC is a good predictor of postoperative AKI (AUROC: 0.84,
P < 0.001) and predictor of the need for KRT (AUROC: 0.91, P < 0.001) [122].
Further studies are required to validate these data.

Lactate is a good biomarker to assess tissue perfusion and energetic-metabolic status;
in different clinical circumstances, production may be normal or increased with defec-
tive or close to normal clearance. The increase in lactate has been widely studied as a
predictor of mortality in sepsis and septic patients receiving KRT [123].

It is important to mention that lactate clearance is 1379 ml/min under normal condi-
tions and the clearance capacity for a hemofilter is on average 24.2 ml/min, and the
hemofilter represents <3% of lactate clearance, which is not sufficient in patients critical
and should focus on treating the primary cause of decompensation (Figure 5) [128].

In a prospective cohort of 186 patients with sepsis and septic AKI (S-AKI) who
received CKRT-CVVHDF, serum lactate value was assessed before initiation, 24 hours
after CKRT, and percentage lactate clearance. They were divided into a group of
survivors and non-survivors; in this last group lactate at the beginning, at 24 hours, it
was significantly higher (p = <0-001), and lactate clearance was <10% (p = 0.004).
The lactate value 24 hours after starting the CKRT is associated with early mortality
(48 hours) with OR 1.72 and late mortality (28 days) with OR 2.35; in those in which
clearance is >10%, it is associated with lower early mortality (OR 0.114) and late (OR
0.235); the AUROC values for lactate at 24 hours predict early mortality 0.87 and late
mortality 0.82; the AUROC for lactate clearance as a predictor of early mortality was
0.72 and late mortality 0.70, respectively [124].

In a retrospective cohort of 342 patients divided into three groups: early recovery,
early death group, and control group, the multivariate logistic regression analysis
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identified factors that can predict the recovery of renal function in the first 48 hours,
such as the presence of diuresis. (AUROC 0.64), SOFA <10 (AUROC 0.67), and short
duration (0.3 days) between ICU admission and initiation of CKRT (AUROC 0.68);
all three factors predict recovery of renal function with AUROC 0.78. In the group
with early mortality, they presented SOFA values >13, SAPSIII>74 points, neurologi-
cal disease (OR 9.64), use of vasopressors (OR 3.68), lactate >3.6 mmol/L with a
sensitivity of 88%, and a specificity of 67% (OR 1.19).), albumin <2.2 g/dl (OR 0.52)
as predictors of mortality and capable of predicting a group of very seriously ill people
who do not benefit from KRT [129]. In the post hoc study of the AKIKI and IDEAL-
ICU clinical trials in the stratified analysis of thirds of the SOFA score, those with
SOFA >10, the CKRT did not show a decrease in mortality at 60 days [125].

In a prospective cohort of 999 patients with S-AKI requiring dialysis, three patient
phenotypes were identified through the Manhattan plot of the standardized differ-
ences of the clinical characteristics evaluated. Phenotype 1 is characterized by young
patients, low Charlson comorbidity index (CCI), normal renal function, low Glasgow,
low Po2, low PaO2/FiO2, high lactate and SOFA, APACHE III, unlike phenotype 2
with intermediate characteristics and phenotype 3 with older patients, altered renal
function, and less severe acute disease with low lactate and SOFA. Phenotype 1
presented a higher risk of mortality 73.86% and when compared with group 2
(56.57%) and group 3 (46.22%) (p < 0.001); also, a lactate >3.3 mmol/L at the start of
KRT is associated with mortality (HR 1. 34), and KRT-dependent (HR 0.69) could be
a predictive biomarker for dialysis initiation or SA-AKI severity, and further research
is required to confirm this hypothesis [126].

In a prospective cohort of 500 patients with type 1 cardiorenal syndrome (type 1
CRS) who required KRT, serum lactate measurement may be a marker of hemodialy-
sis withdrawal and 90-day mortality. qSOFA values were higher (>1) in the mortality
group and hemodialysis dependence group; lactate values >4.2 mmol/L were associ-
ated with higher 90-day mortality (p = <0.001) and lower probability of withdrawal
of dialysis (p = <0.001) in the presence or absence of sepsis [127].

In relation to what has been reviewed, it should be considered that patients with
diuresis, SOFA <10, and lactate <4.2 mmol/L, are likely to have early renal recovery
and do not require KRT.

10.2 Furosemide stress test (FST)

Diuretic use has been controversial in AKI; Chawa et al. show in a retrospective,
prospective cohort that administering a furosemide bolus of 1 mg/kg or 1.5 mg/kg in
those receiving diuretics is one way to assess functional reserve.. In the presence of
AKI, the use of FST with a value of <200 ml of diuresis in 2 hours is a predictive
marker of AKI-AKIN III progression with AUC 0.87 (p = 0.001) with a sensitivity of
87.1% and a specificity of 84. 1% and as a predictor of the need for KRT with AUROC
0.86 and mortality with AUROC 0.70. Koyner et al. compare the use of FST and
biomarkers or biomarkers alone to assess AKI progression; the combination of FST
and biomarkers predicts progression to AKI-AKIN III with AUROC 0.90 and predicts
the need for KRT with AUROC 0.91. This furosemide challenge is useful to differen-
tiate those without functional reserve and consider initiation of KRT [52, 130].

In a randomized, multicenter, and controlled trial of 162 patients with ARF at any
KDIGO stage without emergency indications and without contraindications, the use
of FST allowed the evaluation of two groups, responders and nonresponders; the latter
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group was divided according to the time of KRT initiation into two groups: the early-
onset group within 6 hours of ARF-KDIGO diagnosis 1,2,3 and the late-onset group
when initiation is due to absolute indications. FST discriminates patients with AKI
who may potentially require KRT; in nonresponders, early or late onset of KRT did not
affect mortality [131].

The diagnostic accuracy of FST for AKI progression had an AUROC of 0.88 (sen-
sitivity 0.81 and specificity 0.88); as a predictor for KRT initiation, it has an AUROC
of 0.86 (sensitivity 0.84 and specificity 0.77); FST performs better as a predictor of
need for KRT in AKI-KDIGO 1-2 compared to AKI-KDIGO 3 with a pooled diagnostic
accuracy of 0.86 [132].

In a prospective, double-blind, and interventional cohort study of 187 patients
admitted to the ICU with AKI undergoing FST, 37.5% of patients who responded to
FST received CKRT, while 89.2% of patients who did not respond to FST
received CKRT. On univariate analysis, platelet count was lower in the CKRT
group (p = 0.04); more patients with acidosis were identified in the CKRT group
(p = < 0. 05); there were more patients with AKI-KDIGO 2 and 3 in the CKRT group
and a higher number of stage 1 patients in the non-KRT group; urinary volume was
lower in the CKRT group (35 ml, IQR 5-143. 75 vs. 400 ml, IQR 210-890; P = 0. 000),
SOFA and APACHE II were lower in the non-KRT group (p = 0.000); SOFA and
APACHE II scores were higher in the CKRT group (P < 0. 05); in multivariate
analysis, negative FST (diuresis <200 ml in 2 hours) was a predictor of CKRT initia-
tion (P = 0. 032). Patients who did not respond to FST were 2.379 times more likely to
initiate CKRT (P = 0. 000). Post-STF urine volume of 156 ml had an AUROC of 0.966
(sensitivity 94.85%, specificity 98.04%, p < 0.001), and SOFA (>8) had an AUROC
of 0.846 predictors of CKRT initiation [133].

In a prospective, observational study of 312 patients in a medical ICU, those who
developed AKI according to KDIGO diuresis criteria were subjected to receive Sequential
Nephron Blockade (SBN) with initial use of Furosemide at 1 mg/kg (maximum 60 mg),
followed by a maintenance dose of 10 to 20 mg/hour; adequate diuretic response was
termed >0.5 ml/kg/h or > 300 ml in 6 hours and 5 ml/kg/h or > 300 ml in 6 hours, if
adequate diuretic response was not achieved (<0.5 ml/kg/h or < 300 ml in 6 hours).
Metolazone 10 mg was administered; those nonresponders to SBN started KRT [134]. In
multivariate logistic regression analysis, those with SOFA >9 (OR 4.5), those who
achieved a positive cumulative balance of 4.2 L (OR 2.82), those who required KRT (OR
1.78), and those with negative diuresis (OR 0.45) had higher mortality [134].

It is important to mention that the SOFA score is a good predictor of AKI severity,
poor diuretic response, and the need for KRT. More prospective studies with larger
numbers of patients are required to confirm these data.

The combination of FST and elevated urine levels of the chemokine biomarker (C-
C motif) ligand 14 (CCL14) had a high predictive value (AUC ROC 0.87) as a predic-
tor of the need for CKRT, compared to FST alone (AUC ROC 0.79) or CCL14 (AUC
0.83), P = <0.001 [135].

I believe that negative FST and the use of biomarkers along with factors determining
increased demands for critical illness may be useful at the time of decision making.

10.3 Kinetic eFG

It is known that creatinine is a late marker in AKI, and its value is influenced
by various variables that underestimate (fluid overload, hyperbilirubinemia,
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malnutrition) or overestimate the value (cimetidine, fibrates, and sulfamethoxazole
and trimethoprim). Determination of eGFR in the patient with AKI with the classic
eGFR formulas in CKD requires a steady state of creatinine values, a condition that is
not met in AKIL

The eFG kinetic (KeFG) is a formula proposed by Chen [136] incorporates the
mass equilibrium principles (generation, distribution, excretion) together with an
“elapsed time” factor to assign an eGFR to each value of Cr as long as the time elapsed
since the last value is known. The KeFG evaluates sudden and rapid changes in eGFR,
unlike the eGFR measured by Clearance calculated, where the decrease in GFR is
gradual by the Crocoft, MDRD, and CKD-EPI formulas (Figure 6).

In a retrospective cohort of 2492 patients, the KeGFR was incorporated with or
without UO criteria (diuresis) and added to the KDIGO classification with three
modified stages:

Stage 1: KeGFR 45 to 60 mL/min/1.73 m? or urine output <0.5 mL/kg/h for 6 h.

baseline SCr X eGER - 24xASCr
MeanSCr ¥ ATime(h)xMaxASCr [ day

KeGFR =

Figure 6.

Modified see end of document. KeGFR. SSPCR is steady-state plasma creatinine; crcl is MDRD creatinine
cleavance. Mean PCR refers to the difference in plasma creatinine concentration. A time(h) is the interval in hours
between two consecutive creatinine measurements and max delta pcv/day is the theovetical maximum change in
plasma creatinine that can occur per day if renal function ceases completely. APCr is defined as the initial
creatinine subtvacted from the final creatinine. MaxAPCr/day, addresses the principle of creatinine mass balance
by incorporating the volume of distribution factor (V d) [136].
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« Fluid Overload: (> 10%), Pa02/Fi02 <300 respiratory = 2 points.
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ICU) refractory to the use of diuretics. space.
Uremia: BUN >112 mg/dl o oliguria > 72 h
(AKIKIZ)

Intoxications

Low cardiac output
Capillary leak syndrome

v

" : Sadium bicarbonate 4.2%
Sodium bicarbonate 4.2 % Potassium redistribution
Potassium redistribution measures measures

Diuretics and association of diuretics Diuretics and association of

diuretics

! V

FST <200 ml in 2 hours +

Palliative care

FST <200 ml in 2 hours + Biomarker

positive Biomarker positive
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Stage 2: KeGFR 30 to 45 mL/min/1.73 m” or urine output <0.5 mL/kg/h for
12 hours.

Stage 3: KeGFR <30 ml/min/1.73 m” or diuresis <0.3 ml/kg/h for 12 h or anuria for
12 h.

In this study, the degree of agreement between KDIGO and KeGFR was very good
(Cohen’s kappa with square weights = 0.77). The sensitivity of the combined KeGFR
and urine criteria compared to the KDIGO criteria was 93.2%, specificity 73.0%, and
accuracy 85.7%, also allowing faster AKI recognition, where a time difference in
recognition between KDIGO and KeGFR at stage 1 is 5.9 hours, stage 2 is 7.2 hours,
and stage 3 is 4 hours. In the logistic regression model, the prediction of mortality at
28 days by KDIGO was AUROC 0.57 and for KeGFR, an AUROC 0.60; as a predictor
of the need for KRT, the KDIGO had an AUROC 0.81 and for KeGFR, an AUROC
0.80. We see that the KeGFR allows a faster diagnosis of AKI using serial creatinine
determinations at time intervals and with good ability to predict the severity of AKI,
with the ability to predict the need for KRT and mortality. It is possible that the use of
KeGFR, FST, and biomarkers provides complementary tools for the early diagnosis of
AKI and allows better decisions to be made in choosing the right moment to start KRT
(Figure 7) [138].

11. Conclusions

AKI leads to increased health care costs in each country, with higher morbidity and
mortality. Detection of risk factors, early diagnosis, and use of severity classification
systems and biomarkers are necessary for a timely preventive and therapeutic
approach.

It is important to assess trends in creatinine elevation and consider the use of
KeGFR along with KDIGO, the use of biomarkers, and FST as tools that give a clear
scenario of renal capacity that may not be able to support the magnitude of severity of
a critically ill patient.

The controversy generated about the ideal time to initiate KRT in critically ill
patients is currently supported by evidence from RCTs and meta-analyses that sup-
port waiting in the classic “late” indications, taking into account the waiting limits
suggested by the AKIKI trial 2.
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Chapter 5

Role of RRT in Adult Patients with
Hyperammonemia

Randah Dahlan and Ali Alkatheeri

Abstract

Hyperammonemia is not uncommonly encountered in adult critically ill patients
in the intensive care unit (ICU). Although it often occurs in patients with underly-
ing liver disease, it may also occur in patients with no evidence of acute or chronic
liver disease. Hyperammonemia can cause serious complications, including acute
brain injury (sometimes called hyperammonemia-induced encephalopathy).
Hyperammonemia-induced encephalopathy often carries a poor prognosis and may
even lead to death. Nephrologists may get involved in the management of hyperam-
monemic patients (with or without acute kidney injury) for consideration of renal
replacement therapy (RRT) as an intervention to lower the ammonia level. This
chapter will discuss the role of RRT in adult patients with hyperammonemia.

Keywords: ammonia, hyperammonemia, hemodialysis, renal replacement therapy,
hyperammonemic encephalopathy

1. Introduction

The term hyperammonemia denotes an elevated ammonia level in the blood,
however, it is often used in clinical practice to refer to a toxic accumulation of
ammonia in the blood with its associated serious complications. The normal refer-
ence range of ammonia level in adults is 10 to 80 mcg/dL or 6 to 47 pmol/L (SI units)
[1], but this range may vary slightly among different laboratories. Ammonia is most
damaging to the brain, and this applies to both acute and chronic hyperammonemia
[2, 3]. Cerebral edema and brain herniation are more common in patients with acute
hyperammonemia, but patients with chronic hypernatremia (e.g., chronic liver
disease patients) may develop encephalopathy and have a different mechanism of
neurotoxicity caused by hyperammonemia [2, 3]. This serious and potentially fatal
condition must be promptly recognized, evaluated, and treated. Although the role
of RRT in the management of patients with hyperammonemia is more evident in the
pediatric population [4], it is less clear in the adult population. This chapter will give
a brief overview of hyperammonemia pathophysiology, causes, manifestations, and
general management, but will discuss in detail the available data about the role of
RRT in adult patients with hyperammonemia.
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2. Pathophysiology of hyperammonemia

Ammonia is normally produced via the metabolism of nitrogen-containing com-
pounds [2]. The main sites of ammonia production in the body are the intestine, and
to a lesser extent, the kidneys and the muscles [2]. In the intestine, the ammonia is
produced via the digestion and metabolism of dietary proteins by the mucosal bacte-
ria, via urease-producing bacteria and microbial proteolysis, as well as via the uptake
of glutamine from the systemic circulation with subsequent deamination to gluta-
mate and ammonia [2]. In the kidneys, ammonia is produced by the catabolism of
glutamine in the proximal convoluted tubules (ammoniagenesis) [2]. In the muscles,
ammonia is the product of muscle metabolism, and this production is increased in
certain situations such as seizures, intense exercise, or in catabolic states [2].

The liver is responsible for clearing 90% of the ammonia in the body, and it converts
ammonia to urea via the urea cycle [2]. If the liver fails or becomes overwhelmed by the
excess production of ammonia, the kidneys will decrease the ammonia production in the
proximal tubules, and will also increase the urinary excretion of ammonia. Additionally,
the brain and the muscles will try to help by metabolizing ammonia to glutamine [2].

Ammonia metabolism is regulated by the extracellular pH, potassium level, and
mineralocorticoids and glucocorticoid secretion in the body [2].

With severe hyperammonemia, the osmotic stress is increased in the astrocytes of
the brain, which may lead to astrocyte swelling with subsequent cerebral edema and
brain herniation. Additionally, the accumulation of glutamine in the astrocytes will
affect the energy delivery to neurons, increase oxidative stress, and increase the produc-
tion of inflammatory cytokines. Together will lead to cellular apoptosis, dysfunction of
neurotransmitters, mitochondrial dysfunction, neuronal irritability, and alteration of
blood-brain barrier [2]. All cell types of the brain are affected by these changes [2].

3. Causes of hyperammonemia in adults

Hyperammonemia occurs when there is increased production or decreased clear-
ance of ammonia. In the adult population, liver failure is responsible for the majority
of cases of hyperammonemia, while non-hepatic causes are rare and account for the
minority of cases [2, 5-8]. With non-hepatic causes of hyperammonemia, there is
excessive production of ammonia which may exceed the handling capacity of the liver
or may bypass the liver to enter directly into the systemic circulation [5-8].

The causes of hyperammonemia in adults are summarized in Table 1.

4, Clinical manifestations

In mild cases, symptoms may include headache, vomiting, irritability, behavioral
changes, ataxia, and gait abnormalities [2, 7, 8]. Severe hyperammonemia may pres-
ent with seizures, encephalopathy, coma, and even death [2, 7, 8].

In addition to the severity of hyperammonemia, the clinical manifestations
depend on the onset (acute versus chronic). Patients with chronic hyperammone-
mia (e.g., chronic liver disease patients) have a gradual accumulation of ammonia,
allowing for compensatory mechanisms to decrease osmolarity. Additionally, patients
with chronic hyperammonemia may have compensatory increase in the ammonia
metabolism by other organs (e.g., muscles), which may blunt some of the symptoms.
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Hepatic:

¢ Most common cause in adults.

* In chronic liver disease; it is precipitated by gastrointestinal bleeding, infection, electrolytes disturbance, or/
and constipation.

* Also, in patients with acute hepatic failure.

Non-Hepatic:

Increased production Decreased clearance

Catabolic states: e.g., burn, trauma, starvation Late-onset urea-cycle disorders: precipitated by a
stressful condition

Nutritional: e.g., total parenteral nutrition Bariatric surgery: e.g., gastric bypass

Infection: e.g., by urease-producing organisms Anatomic: e.g., porto-systemic shunts, urinary
diversion

Muscular: e.g., seizure, intense exercise Anti-epileptics: e.g., valproate, topiramate,
carbamazepine

Malignancy: e.g., multiple myeloma Analgesics: e.g., gabapentin, salicylates

Drugs: e.g,, steroids, 5-Fluorouracil, Cytarabine Other drugs: tacrolimus, cyclosporine,

acetazolamide, haloperidol

Others: gastrointestinal bleeding, hemolysis, organ Others: organ transplantation
transplantation

Table1.
Causes of hyperammonemia in adults.

Therefore, they are less like to present with cerebral edema and herniation than
patients with acute conditions [5, 8].

5. General management

When managing a patient with hyperammonemia, several factors should be taken
into consideration, including the onset (acute vs. chronic), presence or absence of
symptoms, degree or severity of the hyperammonemia, and the underlying cause. Acute
severe hyperammonemia carries the highest risk of adverse outcomes and is potentially
fatal. Thus, all measures must be taken to lower the ammonia level rapidly [9]. The
following are essential lines of general management [2, 8-10]:

* Ensure that the result is not falsely positive. If the blood sample was kept at room
temperature for a long time, it will lead to i vitro deamination and falsely elevated
ammonia levels. Therefore, in cases of hyperammonemia, the first step is to repeat
the test with a sample taken without a tourniquet and placed on ice immediately at
the bedside, and then processed within 30 to 60 minutes maximum [5, 9].

* In addition to monitoring ammonia levels, blood gases, and requesting appropri-
ate neurological images, investigating for the underlying cause is important. For
example, investigating for underlying liver disease by sending liver function
tests, coagulation profile, alcohol and acetaminophen levels, viral serology, and
liver ultrasound with the duplex study. Additionally, looking for a source of
infection, especially infection with urease-producing organisms, is very crucial.

93



Updates on Renal Replacement Therapy

If hyperammonemia is still not explained, one needs to consider investigating for
underlying urea cycle disorders as soon as possible. As mentioned above, some of
the cases of non-hepatic hyperammonemia in adults could be related to undiag-
nosed urea cycle disorder, which becomes unmasked under stressful conditions.
Therefore, it might be prudent to involve a biochemical geneticist (metabolic)
physician early on to provide some guidance on further investigations and

management.

Nutritional

Stop all sources of protein (enteral and parenteral) for 48 hours only.

Start high-rate IVF as D10%, 0.45 NS. Do not stop for any reason.

For hyperglycemia, start insulin infusion.

Contact the pharmacy to prepare lipid emulsion IV 2-3 g/kg.

Antibiotics

To treat any underlying infection and prevent superinfection.

It may also alter gut flora and reduce the metabolizing intestinal bacteria.

It is particularly important for immunocompromised patients.

Consider both parenteral and enteral antibiotics

Laxatives

Use lactulose and other laxatives to decontaminate the gut.

They reduce the production of ammonia by intestinal bacteria.

Also, they promote the growth of non-urease-producing lactobacilli.

Particularly important for patients with liver diseases.

Zinc

Check zinc level and give daily zinc supplementation.

Zinc deficiency is common in alcoholics, malabsorption, or urinary loss.

Zinc is a cofactor for urea cycle enzymes.

So, it speeds up the urea formation from amino acids and ammonia.

Avoid

Valproic acid as it decreases urea cycle function.

Steroids as they increase the protein turnover.

Mannitol (ineffective in managing cerebral edema caused by hyperammonemia).

Empirical treatment for undiagnosed cases (functional deficiency or late-onset urea cycle disorder)

L-carnitine

It stimulates the synthesis of urea as it favors mitochondrial respiration.

Start levocarnitine IV/PO 100 mg/kg/day divided q 6-8 h,

Also give hydroxycobalamin 1 mg IM/IV/PO, and biotin 10 mg IV/PO

L-Arginine It is a urea cycle enhancer and should be given in all cases of unknown etiology.
Available as oral and intravenous.
Sodium phenylacetate It promotes ammonia degradation through “alternate” metabolic pathways.

+ sodium benzoate

Give IV KCL as it may cause hyperchloremic hypokalemic metabolic acidosis.

To be considered when the ammonia level is >150 pmol/L

Use with caution in hepatic and renal insufficiency, and watch for toxicity

N-carbamylglutamate

Give 100 mg/kg through NG once followed by 50 mg/kg q 6 h.

Once appropriate enzymatic deficiency is excluded, it should be stopped.

Table 2.

General and initial lines of management for hyperammonemia.
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* Treating the underlying cause of hyperammonemia is also the best strategy
to prevent the recurrence. But other strategies to lower the ammonia level

should not be delayed if immediate management of the underlying cause is not
feasible.

* Aim for a physiological pH between 7.35 and 7.44 and avoid alkalemia. Alkalemia
will further increase the ammonia level by converting ammonium ion to ammo-
nia. Hypokalemia must also be corrected as it may increase renal ammonia
production.

* Ammonia level varies based on the patient’s age and there is no consensus about
which level needs immediate action. However, a level above 100 pmol/L in adult
patients is considered serious and requires immediate attention.

* Table 2 summarizes the non-dialysis lines of management, which are used to
lower the ammonia level.

6. Role of renal replacement therapy
6.1 Ammonia clearance by dialysis

In general, solute-related factors that may affect the extent of its removal by
dialysis include its molecular size, its water solubility, its volume of distribution, and
its protein binding. Ammonia is a small molecule with a molecular mass of 17 mg/
mmol, it is water soluble, has a volume of distribution that is considered to be equal
to the total body water, and is not significantly protein-bound [11]. Therefore, it is
highly dialyzable.

Hemodialysis prescription-related factors affecting the clearance of ammonia
include the blood flow rate (Qb), the dialysate flow rate (Qd), and the dialyzer sur-
face area [12]. This is supported by an iz vitro study of the clearance of ammonia with
single-pass dialyzers, which showed that ammonia clearance by dialysis is between
62% and 99% and could approach that of the liver [12]. In this study, ammonia
clearance was directly dependent on the blood flow rate, which was modulated by
the dialysate flow rate. For example, when the dialysate flow rate is 300 ml/min, an
increase in ammonia clearance was observed with an increase in blood flow until a
plateau was reached at 200 ml/min. When the dialysate flow is 500 ml/min, the same
was observed but it plateaued at a blood flow rate of 300 ml/min [12]. At a dialysate
flow rate of 800 ml/min, a further degree of ammonia clearance was observed with
increasing blood flow rate but no plateau was observed within the range of the blood
flow rate used. In other words, with a blood flow rate of 200 to 300 ml/min and a dial-
ysate flow rate of 800 ml/min, a rate of ammonia extraction of up to 99% can be seen
if there is no ongoing generation of ammonia [12, 13]. The influence of the dialyzer
surface area on ammonia clearance depends on the blood flow rate. With a blood flow
rate of 500 ml/min and a large surface area dialyzer (2.1 m®), ammonia clearance may
approach 450 ml/min. However, the ammonia clearance was not affected when using
large surface area dialyzers at a blood flow rate of 100-200 ml/min. Of note, hemodi-
alysis removes urea and glutamine, which may magnify the ammonia-lowering effects
and benefits of hemodialysis [12].
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6.21Is dialysis indicated?

When coming to the role of RRT in the management of adult patients with hyper-
ammonemia, it is important to remember that data reporting the clinical outcomes of
this intervention and supporting its usefulness are limited. One retrospective review
of adult patients in the intensive care unit (ICU) with hyperammonemia not due to
liver failure showed that the requirement of dialysis was not a predictor of mortality
[5]. However, this retrospective study of a small sample size does not inform us when
to start RRT for such patients. It is difficult to have well-established evidence-based
guidelines for managing adult patients with this condition with the rarity and hetero-
geneous nature of available data. One guideline discussing the acute management of
hyperammonemia patients suggested starting RRT for adult patients when the ammo-
nia level exceeds 200 pmol/L [9]. Nevertheless, the level of evidence to support this
recommendation was low, and most of the recommendations in this guideline were
based on extrapolated data from pediatric patients [9]. However, this extrapolation is
of limited value because of different patients’ demographics, and different distribu-
tion of underlying causes of hyperammonemia. The following are the summaries of
recommendations from different reports based on the authors’ opinions:

* Long et al. supported a more conservative initiation of RRT for ammonia levels
>150 pmol/L (or > 200-250 pmol/L for adult cases of urea cycle disorder), for
hyperammonemic encephalopathy, coma, or seizures, or for rising ammonia in the
face of other therapy. If early and rapid clearance is necessary (e.g., impending brain
herniation), plasmapheresis could be considered followed by CRRT [2]. This opin-
ion was based mainly on case reports of patients with late-onset urea cycle disorders.

* Boer et al. suggested that dialysis should be considered in all patients with acute
kidney injury and severe hyperammonemia when other treatment modalities fail
to lower ammonia levels within hours [14]. This was the author’s opinion, and the
definition of severe hyperammonemia was not clarified in his report.

o Alfadhel and Hiberle J et al. published guidelines and suggested that RRT to be
the first-line therapy in the case of adult patients with acute hyperammonemia
when the ammonia level exceeds 200 pmol/L [9, 15]. However, this suggestion
was based on the low level of evidence (case reports, case series, and expert
opinion) from patients with urea cycle disorders.

* Stergachis et al. presented a retrospective study of adult patients with noncir-
rhotic hyperammonemia and reported that RRT was utilized with an ammonia
level above 250 pmol/L (range 322 to 4530 pmol/L) [16]. No clear-cut recom-
mendations or outcomes were reported.

* Gupta et al. reviewed the available literature on the role of RRT for patients with
hyperammonemia, and the limited data in adult patients was acknowledged [10].
The conclusion was that the clinical judgment of the treating physician as to
when to initiate RRT is important [10].

* Bélanger-Quintana et al. provided recommendations for the management of
hyperammonemia in the adults and pediatric patients, and the initiation of RRT
was recommended when the ammonia level is >150-200 pmol/L [17].
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With the lack of strong evidence, and thus the lack of consensus recommenda-
tions, the decision about initiating RRT for adult patients with hyperammonemia
needs to be individualized. This must take into consideration if other treatment
modalities failed to lower ammonia levels or not, the presence of neurological con-
sequences of hyperammonemia, and the ammonia level (more than 150 pmol/L).
The role of RRT in some of the identifiable causes of hyperammonemia is dis-
cussed below.

6.3 Continuous renal replacement therapy (CRRT) vs. intermittent hemodialysis

If the decision was made to start renal replacement therapy for the management of
hyperammonemia, the next decision to make is whether to start intermittent hemodi-
alysis or CRRT. To decide about this, a few points must be remembered:

* At the beginning of dialysis, the production of ammonia is likely more than the
elimination, until the levels reach a steady state [11].

* Intermittent hemodialysis can lower blood ammonia levels rapidly and effi-
ciently [6, 11, 12]. In fact, in vitro data of a single-compartment dialysis model
showed that ammonia was decreased by 80% during the first half an hour of
hemodialysis [12]. This rapid onset of action is very important to prevent brain
injury. However, ammonia has a high volume of distribution, and once conven-
tional hemodialysis is stopped, it diffuses back from the extravascular space. This
rebound effect is considered a major disadvantage of intermittent hemodialysis,
especially if ammonia generation is continued [11].

* On the other hand, CRRT will provide a steady removal of ammonia, and its
continuous nature will address the issue of rebound increase in ammonia level
seen with intermittent HD. However, it provides a slow rate of ammonia clear-
ance compared to intermittent hemodialysis., and it will take a longer time to
reach a steady state [11].

A scoping review of 28 studies looking at ammonia clearance by RRT in adult
and pediatric patients concluded that intermittent hemodialysis provides the high-
est ammonia clearance followed by CRRT and, at very low levels, peritoneal dialysis
[6]. In this review, clearance correlated with Qb and Qd in the case of intermittent
hemodialysis, and with the effluent flow rate in CRRT [6].

Therefore, it might be prudent to start with conventional hemodialysis to ensure
rapid reduction in ammonia level, followed by CRRT to prevent the rebound increase
in ammonia level. However, this decision needs to be individualized and must take
into consideration the advantage and disadvantages of each modality of RRT, the
available resources, patient’s condition, ammonia generation and metabolism in each
specific case, and various organ functions (e.g., kidneys, liver, muscles, intestine, and
brain) [11].

Of note: ammonia is osmotically active, yet, its rapid removal by dialysis is not
associated with dialysis disequilibrium syndrome [18]. This is because the contribu-
tion of ammonia (even in the case of severe hyperammonemia) to plasma osmolality
is negligible [17]. Additionally, the rapid equilibration of ammonia across the cell
membrane will minimize any risk of dialysis disequilibrium syndrome.
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6.4 Dialysis prescription

Dialysis prescription need to be tailored according to the patient’s condition and
diagnosis. The main aim is to provide a rapid reduction of ammonia levels, and then
attempt to prevent ammonia rebound to prevent irreversible neurological damage.

Considering all the above-discussed points, below is a suggested prescription of
RRT for adult patients with acute hyperammonemia [11, 14].

Initially, consider starting with a session of intermittent hemodialysis with the
following details:

* Blood flow (Qb) of 400 to 450 mL/min.
¢ Dialysate flow (Qd) of 800 mL/min.

* If the patient is hemodynamically unstable or then developed new onset symp-
toms suggestive of cerebral edema, Qb could be decreased to 250 mL/min and
Qd to 500 or 600 mL/min.

* Session length of 4 to 6 hours.

After the completion of the first session of intermittent hemodialysis, CRRT
should be immediately started:

* Mode: continuous venovenous hemofiltration (CVVH). It is acceptable to use
continuous venovenous hemodialysis (CVVHD) instead and adjust the dialysate
flow rate accordingly.

* Blood flow (Qb) of 250 mL/minute.
* Replacement: replacement fluid (RF) at a rate of 50 ml/kg/hour.

o If circuit anticoagulation is used, citrate should be avoided in patients with liver
disease.

¢ Monitor ammonia level Q 12 to 24 hours.

* If the ammonia level continues to rise, increase the Qb to a maximum of 300 mL/
min and the replacement fluid to a maximum of 80 mL/kg/hour. If the patient
developed alkalemia, the rate of the replacement fluid could be lowered again.

Continue monitoring the patient’s ammonia level and arterial blood gases, and
perform frequent neurological assessments. If the ammonia level does not improve or
it continues to rise, the following options could be considered:

* Repeat the cycle of intermittent hemodialysis followed by CRRT.

* Consider using an ultra-high dose of continuous venovenous hemodiafiltration
(CVVHDEF) after a session of intermittent hemodialysis. This method was suc-
cessful in one case report of a woman with refractory hyperammonemia (caused
by acute liver failure, AKI, pelvic hematoma, and uterine necrosis) and cerebral
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edema complicating an emergency cesarean section [14]. In this case, they used
intermittent hemodialysis with Qb of 400 ml/min, and Qd of 500 ml/min, for
a duration of 4 hours, followed by immediate start of CVVHDF with 2 CRRT
machines, resulting in an ultra-high effluent rate (100 mL/kg/hour). For each
of the CRRT machines, the Qb was 160 mL/min; RF rate was 1400 mL/h; and
Qd was 2800 mL/h. This strategy was successful to restore the patient’s baseline
neurological condition [14].

Dialysis could be discontinued if the patient is back to the baseline neurological
status, the ammonia level has decreased or stabilized, and if no improvement in the
neurological status despite 48 hours of maximum therapy and decreasing ammonia
level. In the latter situation, a new CT or MRI of the brain should be considered.

6.5 Dialysis and cause-specific situations
6.5.1 Liver disease

In patients with chronic liver disease; the rise in serum ammonia is slow and gradual
[19]. As mentioned before, this slow rise will allow for compensatory mechanisms to
decrease the osmolarity, and also for compensatory increase in the ammonia metabolism
by other organs [5, 8, 19]. Therefore, hemodialysis in chronic liver disease patients (who
may already have chronic hyponatremia) may worsen cerebral edema due to the rapid
reduction of osmolality, rapid change in the blood pH, and the effect of the bicarbonate-
based solution on increasing CO2 production and cerebral vasodilatation [19]. Therefore,
RRT for the sole purpose of hyperammonemia in chronic liver disease patients is not
indicated, and there is insufficient data to support its use in such a setting [19]. If RRT is
used for the conventional indications in the setting of AKI, CRRT with its slow nature of
clearance is less likely to worsen cerebral edema, especially with lower Qb rates [11, 19].

In adult patients with acute liver failure and hyperammonemia, CRRT provides
significant ammonia clearance and this clearance was shown to be correlated with the
ultrafiltration rate [20]. In one retrospective analysis of adult patients with hyperam-
monemia and acute liver failure, early start of CRRT (likely for hyperammonemia
rather than for conventional indication of AKI) was associated with prevention
of worsening hyperammonemia, which in turn, was associated with increased
transplant-free survival [21]. However, ICU mortality was nearly four times higher in
this group of patients [21]. Another retrospective review showed that the early start
of CRRT in patients with acute liver failure and hyperammonemia resulted in reduced
ammonia concentration, and this effect was related to the cumulative dose of dialysis
[22]. However, most patients in this study did not demonstrate obvious neurologic
recovery during the initial 5 days of ICU management despite the reduction in ammo-
nia level [22]. There is also some evidence to support the use of high-volume plasma
exchange in this group of patients [23, 24].

To summarize, the early start of RRT for hyperammonemia (level > 100 pmol/L)
may have a beneficial role in patients with acute liver failure. CRRT is preferred over
intermittent hemodialysis in patients with liver diseases.

6.5.2 Multiple myeloma

Patients with multiple myeloma may develop hyperammonemia, which may lead
to encephalopathy or even death. The mechanism of hyperammonemia in multiple
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myeloma is unknown, but possible mechanisms are: the production of ammonia by
myeloma cells as a result of amino acid metabolism, the Infiltration of the liver by
plasma cells or amyloid leading to systemic-portal shunt, and the interference with
urea metabolism, and some subtypes of multiple myeloma might undergo leukemic
changes which would predispose these patients to hyperammonemia [25].

Treatment of hyperammonemia in such patients is by treating the underlying
multiple myeloma, which will lead to a sustained and rapid reduction in the ammonia
level as well as an improvement in the mental status [8, 13, 26]. Data about the role of
RRT suggests that dialysis plays only a minor role in lowering ammonia in this patient
population [26]. Some data showed that patients who received hemodialysis without
concurrent therapy of the underlying myeloma had no response [25]. However, if
definitive treatment cannot be immediately instituted for any reason, RRT could be
considered depending on the severity and clinical status. In one report of severe cases
of hyperammonemia in the setting of multiple myeloma, simultaneous hemodialysis
and CVVHD were successfully used to augment ammonia clearance, allowing for
definitive treatment to be administered [13].

6.5.3 Valproic acid-induced hyperammonemia

Therapeutic concentration of valproic acid is between 50 and 100 mg/L
(350-700 pmol/L). Valproic acid-associated hyperammonemia may occur after acute
overdose or chronic use and does not necessarily result in clinical encephalopathy
[27]. Hyperammonemia in this setting is because valproic acid and its metabolites
inhibit enzymes and cofactors necessary for normal functions of urea cycle. Valproic
acid is primarily metabolized in the liver. In case of toxicity, management is usually
supportive (e.g., protection of airway, cardiovascular stabilization, and supplementa-
tion with L- carnitine). Valproic acid has a small molecular mass of 144 Dalton, a
small volume of distribution, and is highly protein bound [27]. At therapeutic levels,
RRT has little impact on the elimination of valproic acid because of its high degree of
protein binding, which limits the amount of free drug available for diffusion. In case
of overdose, protein-binding sites become saturated and more free drug is available
for elimination by RRT. Therefore, in the case of valproic acid intoxications associated
with hyperammonemic encephalopathy, dialysis serves a definitive role in correcting
hyperammonemia. This is regardless of the underlying renal function.

RRT is recommended in the following situations [27]:

* Serum valproic acid concentration is more than 1300 mg/L (9000 pmol/L),
¢ Cerebral edema, or

* Shock attributed to valproic acid toxicity.

RRT is suggested if any of the following is present [27]:

* Serum valproic acid concentration > 900 mg/L (6250 p mol/L).

* Coma or respiratory depression requiring mechanical ventilation.

* Acute hyperammonemia.

* pH isless than 710.
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Intermittent hemodialysis is the preferred method of RRT in such cases, fol-
lowed by CRRT if intermittent hemodialysis is not feasible. RRT can be discontin-
ued when [27]:

* The valproic acid is between 50 and 100 g/L (350 to 700 micromol/L).

* There is clinical improvement like improvement in hemodynamics, or improve-
ment in mental status.

* Improvement in electrolytes and acid-base abnormalities.

6.5.4 Organ transplantation and hyperammonemia

Hyperammonemia is a rare but serious complication following solid-organ trans-
plantation. The most common occurrence is after lung transplantation, and to a lesser
extent after other solid-organ transplant transplantations [28]. The mechanisms of
hyperammonemia in transplant recipients are not well understood. The mortality
is usually high in such patients; therefore, prompt recognition and treatment are
necessary [28]. Conservative therapy is usually ineffective, and RRT is often required
in most patients [28]. The RRT modality depends on the patient’s condition and
hemodynamic status.

6.5.5 Seizure

It is difficult to differentiate if hyperammonemia is caused by seizure or vice versa
[2]. If seizure is unlikely to be caused by hyperammonemia, then traditional investi-
gations and management of seizure need to be instituted. Hyperammonemia caused
by seizure is more common in patients with generalized tonic-clonic seizures [29]. It
is usually self-limiting and rarely requires RRT. In such cases, ammonia clearance is
usually rapid over 3-8 hours [29]. In all cases, it is important to closely monitor the
ammonia level and decide accordingly.

6.5.6 Urea cycle disorders

Adult patients with urea cycle disorders may present as already-diagnosed
cases, with hyperammonemia being part of the acute relapse presentation. Less
commonly, they may manifest for the first time in adulthood when they are
exposed to stressful conditions [2]. It is important in known cases, or in undiag-
nosed non-hepatic cases of hyperammonemia, to immediately start all previously
mentioned lines of management (see Table 2). These are specifically important as
empiric therapies when the ammonia is more than 100 pmol/L. Consultation with a
genetic specialist is important to guide further investigation and therapies [2]. The
level at which RRT is initiated varies between guidelines and recommendations
[2, 17]. In adult patients, ammonia level > 150-200 pmol/L or > 200-250 pmol/L
have been suggested [2, 17]. However, other previously mentioned indications
(e.g., hyperammonemic encephalopathy, coma, seizures, or rising ammonia
despite conservative therapy) should also be considered when deciding about RRT.
Intermitted hemodialysis is the preferred modality in such cases, and sometimes
can be followed by CRRT.
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7. Peritoneal dialysis and hyperammonemia

Data suggest that peritoneal dialysis (PD) is insufficient to achieve adequate
ammonia clearance compared to other modalities of RRT [6]. A scoping review of
data addressing the ammonia clearance by PD indicated a low rate of clearance (less
than 40 mL/min). Unfortunately, studies about the effectiveness of PD in the man-
agement of adult patients with hyperammonemia are limited. PD might be considered
when other effective forms of RRT are not readily available.

8. Conclusions

Hyperammonemia is a serious condition and must be considered in all patients
with unexplained alterations in neurological status. Hyperammonemia in adult
patients is usually caused by liver diseases, and non-hepatic causes are uncommon.
Treatment of non-hepatic causes of hyperammonemia includes general supportive
measures, as well as investigating and treating the underlying cause. Data about the
role of RRT in the management of adult patients with hyperammonemia are limited.
In such cases, many factors must be taken into consideration, including the clini-
cal condition of the patient, severity of hyperammonemia, underlying cause, and
response to supportive therapy. If RRT is considered, the choice of modality and
the dialysis prescription depend on the patient’s condition and available resources.
Intermittent hemodialysis provides the highest and the most rapid degree of ammonia
clearance, followed by CRRT, then PD.
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Advanced Treatment of Refractory
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Abstract

In patients with Congestive Heart Failure (CHF), neurohormonal activation leads
to fluid overload that can be treated with high doses of furosemide unless diuretic
resistance and hyponatremia develop. End-stage CHF, including patients with normal
or slightly deteriorated kidney function, can resist medical treatment. In some cases
of refractory CHF, ultrafiltration (UF) is required. To manage a refractory CHF
population, extracorporeal UF is commonly used as an emergency treatment, but
peritoneal UF should be considered a follow-up therapy option. This method offers
potential advantages over extracorporeal therapies, including better preservation of
residual renal function, tighter control of sodium balance, less neurohumoral activa-
tion, and the possibility of daily treatment in the home environment. Using glucose
as an osmotic agent leads to the deterioration of the peritoneal membrane. The UF
properties of icodextrin depend on the dwell time, whereby the maximum effect of
icodextrin concerning glucose is achieved at a prolonged dwell time. Icodextrin may
offer improved peritoneal membrane biocompatibility compared with conventional
glucose-based dialysates by decreasing glucose exposure, iso-osmolarity, and reduced
carbonyl stress. The proper anesthesia technique and surgical approach for peritoneal
dialysis (PD) catheter placement in CHF patients must be based on the patient’s
characteristics, available equipment, and surgeon’s experience. An open procedure
using a transversus abdominis plane block for PD catheter placement in patients with
CHF is strongly recommended.

Keywords: chronic heart failure, heart failure treatment, peritoneal catheter
placement, peritoneal ultrafiltration, refractory chronic heart failure
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1. Introduction

Congestive Heart Failure (CHF) is a severe and common disease affecting up to
10% of adults. In patients with CHF, neurohormonal activation leads to fluid over-
load that can be treated with high doses of furosemide unless diuretic resistance and
hyponatremia develop. End-stage CHF, including patients with normal or slightly
deteriorated kidney function, can resist medical treatment. This patient group
requires frequent hospitalizations for electrolyte imbalance dyspnea, orthopnea, and
oliguria. In some cases of refractory CHF (RCHF), ultrafiltration (UF) is required. To
manage an RCHF population, extracorporeal UF is commonly used as an emergency
treatment, but peritoneal UF (PUF) should be considered a follow-up therapy option.

Schneierson first reported using PUF successfully in heart failure (HF) [1].
Mailloux et al. concluded that PUF may be helpful in cardiac patients with concomi-
tant renal impairment, electrolyte imbalance, preparation for cardiac surgery, and
rapid deterioration of a previously stable cardiac state [2]. It has been known that
PUF does not alter the course of HF but improves the congestive condition by cor-
recting electrolyte imbalance, re-responsiveness to diuretics, weight loss, and overall
clinical improvement [2]. A prospective non-randomized study including 20 patients
with New York Heart Association (NYHA) class IV showed regression to NYHA class
I, left ventricular systolic function recovery, a significant reduction in hospitalization
days, and first-year mortality lower than expected [3]. Another prospective non-
randomized study from 2010 enrolled 17 patients with RCHF initially treated with
extracorporeal UF and PUF. All patients improved their NYHA functional status
within the first 3 months, and hospitalization days significantly decreased after 1 year
[4]. Using an intraperitoneal solution such as icodextrin promotes a slow and efficient
PUF that cardiac patients tolerate better, is less invasive, improves residual renal func-
tion, and improves quality of life and clinical symptoms.

Therefore, proposing PUF for long-term outpatient treatment of RCHF seems
reasonable.

2. Congestive heart failure

HF or CHF is an inadequate ability of the heart to meet patients’ metabolic
demands. According to the current guidelines (European Society of Cardiology,
2021), it is defined as a complex clinical syndrome presenting with typical symptoms
(fatigue, breathlessness, and ankle swelling) that can go together with signs (elevated
venous pressure, pulmonary crackles, or peripheral edema). HF is caused by struc-
tural and/or functional heart abnormalities, which lead to high intracardiac pressures
and/or reduced cardiac output [5].

The definition should involve elevated natriuretic peptide levels (brain natriuretic
peptide—BNP, or N-terminal pro-brain natriuretic peptide—NTproBNP), which
are a group of hormones produced by the myocardium cells and are released in the
bloodstream in response to the wall stress [6].

The incidence of HF increases because of population aging and has become a lead-
ing cause of hospitalizations among patients over 65 [5].

Many conditions can cause HF. This includes high blood pressure, coronary artery
disease (CAD), valvular heart disease (VHD), cardiomyopathies, arrhythmias, myo-
carditis, congenital heart disease, thyroid disease, chronic kidney disease (CKD), ane-
mia, or toxic myocardium damage (alcohol, heavy metals, and chemotherapeutics).
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2.1 Classification

The most used HF classification is based on left ventricular ejection fraction (EF).
There are traditionally three phenotypes: HF with reduced ejection fraction (EF < 40,
heart failure with reduced ejection fraction (HFrEF)), HF with a mildly reduced ejec-
tion fraction (EF 41-49%), heart failure with mildly reduced and preserved ejection
fraction (HFmrEF)), and HF with preserved EF (EF > 50%, HFpEF) (Figure1). EF
is usually obtained by echocardiography. The explanation for this classification lies
in many clinical treatment trials that showed different outcomes and heterogeneity
between phenotypes.

Classification based on symptom severity and physical activity is the NYHA
classification. NYHA has four functional classes (I-IV). Patients in class I have no
limitation of physical activities, and there are no HF symptoms in ordinary physical
activity. In contrast, patients in NYHA class IV have severe symptoms at rest and
during minimal activity (Figure 2).

There are two main presentations of HF: acute and chronic. Acute heart failure
(AHF) is arapid or gradual onset of symptoms that require medical attention and/
or hospitalization. AHF can be the new onset of HF (first manifestation, newly
diagnosed) or, more often, decompensation of known chronic HF [5]. Besides left
ventricular failure, there can be right ventricular failure (RVF). It is primarily due to
left heart disease with secondary pulmonary hypertension, but there are some condi-
tions in which RVF is isolated (arrhythmogenic right ventricular cardiomyopathy, RV
myocardial infarction, etc.) [5].

Many HF patients worsen over time and progress into advanced HF. It is defined
as persistent symptoms despite optimal therapy. Those patients often have systemic
or peripheral congestion that requires high doses of diuretics or procedures like renal
replacement therapy (RRT).

The incidence of advanced HF is increasing due to the aging of the population,

a growing number, and better survival of HF patients. The criteria needed to define
advanced HF include severe HF symptoms (NYHA III-IV) despite optimal medical
therapy (OMT), severe cardiac dysfunction (defined by at least one of the following:

Symptoms with/without ~ Symptoms with/without ~ Symptoms with/without
signs signs signs

LVEF <40% LVEF 41 - 49% LVEF = 50%

Evidence of cardiac
structural and/or
functional

abnormalities

Raised natriuretic peptides

" HF — heart failure, HFrEF — heart failure with reduced ¢jection fraction, HFmrEF — heart failure with mildly
reduced ejction fraction, HFpEF — heart failure with preserved ejection fraction, LVEF — left ventricular
_ejection fraction

Figure 1.
Chronic heart failure definition and classification based on ejection fraction.
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Heart failure classification based on symptoms severity and
physical activity

I

No limitation of physical activities and no heart failure
symptoms in ordinary physical activity

11 Mild symptoms and slight limitation during ordinary
activity

111 Marked limitation in activity due to symptoms, even
during less-than-ordinary activity. Comfortable only at
rest

v Severe limitations, symptoms even while at rest. Mostly
bedbound patients

»
NYHA — New York Heart Classification

Figure 2.
Chronic heart failure classification based on symptoms severity and physical activity.

EF <30%, isolated RVF, severe and non-operable valve abnormalities, severe and

non-operable congenital abnormalities, persistently high natriuretic peptides levels,

and severe left ventricular diastolic dysfunction), episodes of congestion (systemic

or

pulmonary, requiring the use of high dose intravenous diuretics), attacks of low out-
put states (requiring inotropes or vasoactive agents) or malignant arrhythmias caus-

ing more than one hospitalization in the last year, and severe impairment of exercis
capacity (Figure 3). Further classification of advanced HF patients and assessment

€

All of the following despite optimal medical treatment

1. NYHA IIT or NYHA IV functional class

2. Severe cardiac disfunction; at least one of the following:

- LVEF <30%

- isolated RV failure (e.g., ARVC)

- non-operable severe valve abnormalitics or non-operable severe congenital abnormalitics

- high (or increasing) BNP or NT-proBNP values and severe LV diastolic dysfunction or structural
abnormalities (according to the definitions of HFpEF)

3. Pulmonary or systemic congestion that requires high-dose i.v. diuretics (or diuretic combinations) or episodes
of low output requiring inotropes/vasoactive drugs
- malignant arrhythmias causing >1 unplanned visit or hospitalization in the last 12 months

4. Severe impairment of exercise capacity with inability to exercise

p
NYHA — New York Heart Association, LVEF — left ventricular ejection fraction, RV — right ventricular, ARVC-
arthythmogenie right ventricular cardiomyopathy, BNP = B-type natriuretic peptide, NT-proBNP = N-terminal

| pro-B-type natriuretic peptide, HFpEF — heart failure with preserved ejection fraction

b

Figure 3.
Advanced heart failure definition creteria (ESC2021).
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of advanced therapy can be done using the Interagency Registry for Mechanically
Assisted Circulatory Support (INTERMACS) profiles [5].

2.2 Pathophysiology

Pathophysiologically, HF is defined as the inability of the heart as a pump to main-
tain the metabolic needs of the human body (failure to maintain adequate cardiac
output). In this context, HF can be divided into systolic and diastolic dysfunction and
left-sided and right-sided HF.

The most common cause of systolic dysfunction is ischemic heart disease. Other
causes include dilated cardiomyopathy, chronic volume and pressure overload,
chronic pulmonary diseases, and heart rhythm disorders. Diastolic dysfunction is
most commonly due to pressure overload conditions causing pathological hypertro-
phy, not allowing the ventricle to relax. Common causes include hypertension, aortic
stenosis, hypertrophic, and restrictive cardiomyopathy [7]. Cardiac output results
from stroke volume and heart rate. Stroke volume is dependent on cardiac contractil-
ity (the inotropic state of the heart), preload (stretching of the cardiac myocytes
before contraction), and afterload (the pressure that the heart needs to overcome to
eject blood) [8].

In systolic dysfunction, the cardiac contractility is impaired, causing a decrease in
stroke volume and, subsequentially, a reduction in cardiac output, resulting in global
hypoperfusion. At the same time, left ventricular end-diastolic pressure is elevated,
resulting in increased left atrial pressure and causing a rise in pulmonary capillary
pressure. These changes lead to pulmonary venous congestion.

Diastolic dysfunction is characterized by the inability of the left ventricle to
adequately relax in diastole due to abnormal stiffness of the left ventricular wall. The
result is an increased ventricular filling pressure with a subsequent increase in the
pulmonary circulation pressure. Systolic function is usually maintained; however, in
the setting of chronic pressure overload, it can also be impaired.

Right-sided HF is most commonly a result of left-sided HF; however, it can
also develop as an isolated entity, secondary to pulmonary diseases (“cor pulmo-
nale”) and due to increased right ventricular afterload. The main clinical presen-
tation, in this case, is systemic venous congestion with minimal to no pulmonary
congestion [9].

2.3 Prognostic factors

Despite the new therapeutic options (mainly for HFrEF), HF remains a
progressive disease with a poor prognosis and a five-year survival rate of nearly
50% [10].

Prognostic factors related to higher mortality rates are advanced age (especially
>75y/o), male sex, and comorbidities such as diabetes, CKD, peripheral artery dis-
ease, atrial fibrillation, higher body mass index (BMI), lower systolic blood pressure,
and chronic obstructive pulmonary disease [11].

Studies have shown that the mortality rate also increases with the number and
duration of hospitalizations for HF. Regarding EF, HFpEF patients generally have a
better survival rate than HFrEF patients. Transition in EF can also occur, and patients
who progress to a lower EF have worse outcomes than those who remain stable or
progress to a higher EF [5].
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Laboratory tests such as natriuretic peptides, C-reactive protein (CRP), and
serum sodium levels are also helpful in assessing patient prognosis. Serial natriuretic
peptide measurements are used not only as a diagnostic tool but also to determine the
efficacy of HF treatment and to evaluate prognosis. Patients with elevated levels of
NT-proBNP and CRP correlate with worse clinical outcomes than those without eleva-
tion of both markers. Hyponatremia (serum sodium level of less than 135 mmol/L) is
linked with increased mortality rates in HF patients. Diabetes is associated with worse
clinical outcomes and greater hospitalization rates [12].

3. Chronic kidney disease

CKD is classified into five stages according to the degree of kidney damage or glo-
merular filtration rate (GFR). Thus, patients with stage five CKD have a GFR of less
than 15 ml/min/1.73 m” and are in the terminal stage of the disease: end-stage renal
disease (ESRD). A better understanding of CKD, accompanied by the technological
and scientific assumptions of dialysis techniques and kidney transplantation, has
significantly improved the prognosis and survival of patients with ESRD. Despite the
improvement of technology and clinical and scientific progress in treatment with RRT
methods, the frequency of non-renal complications that significantly affect the mor-
bidity and mortality of patients is increasing. The most important are cardiovascular
complications, which impact treatment outcomes the most. Cardiovascular diseases
are frequent in CKD, especially in ESRD, and are responsible for 40-60% of mortal-
ity in that population, according to data from national registries. The importance of
cardiovascular diseases has been increasing in recent years with the appearance of an
increasing number of elderly patients in whom diabetes and vascular diseases have led
to CKD. In recent years, we have witnessed significant progress in understanding the
causes and pathophysiology of cardiovascular diseases (CVD) and the possibilities of
diagnosis, treatment, and prevention. Knowledge of the pathogenesis of cardiovascu-
lar complications, modern diagnostic options, methods of recognition, and treatment
of these complications is of great importance to nephrologists and other doctors who
care for ESRD patients.

Cardiovascular risk factors appear in the earlier stages of CKD and become more
frequent in patients who begin treatment with renal replacement therapy. Risk
factors for cardiovascular disease in patients with CKD include those that favor
the development of ischemic heart disease, CHF, and left ventricular hypertrophy.
Numerous risk factors, of which only general ones present in the general popula-
tion, cannot explain the high incidence of cardiovascular diseases in patients with
CKD. Timely diagnosis of CKD and effective treatment can delay the progression
of CKD and the onset of ESRD. In the first and second stages of CKD, patients are
usually checked by their family doctor. In the third stage of CKD, it is necessary to
pay attention to the early metabolic complications of the disease. The fourth stage of
CKD is the introduction to ESRD, and at that stage, the patient needs to be thor-
oughly familiarized with the RRT methods. Kidney and heart disease interaction
manifests in the cardiorenal syndrome, which could significantly cause the worsen-
ing of both diseases. The clinical course of CKD is accompanied by numerous com-
plications: renal anemia, mineral-bone disorders, progression of atherosclerosis,
deterioration of CHF, development of protein-energy wasting, dyslipidemia, CVD,
infections, diseases of the immune system, gastrointestinal disorders, neurological
disorders, and others.
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4. Cardiorenal syndrome and chronic heart failure treatment
4.1 Cardiorenal syndrome: classification and pathophysiology

Cardiorenal syndrome (CRS) results from inadequate heart and kidney function.
It is caused by acute or chronic dysfunction of one of the mentioned organs, which
then leads to acute or chronic dysfunction of another organ. The heart and kidneys
jointly aim to regulate numerous processes in the human body, such as blood pres-
sure, electrolyte and fluid homeostasis, and endocrine functions through natriuretic
peptide, renin, erythropoietin, and vitamin D3. Because of the above, it is unsurpris-
ing that one organ’s dysfunction leads to another’s disorder. The term CRS itself was
mentioned in 1951, and since then, numerous papers have been written to explain the
pathophysiological mechanisms of the syndrome [13]. One of the most significant
works on the mentioned topic was published in 20009. It resulted from the consensus
conference of the Acute Dialysis Quality Initiative [14]. The paper above describes
five subtypes of the syndrome, depending on whether it is caused by a primary
disorder of the heart or the kidneys, and whether the onset is acute or chronic oris a
result of a secondary process. Types 1 and 2 imply an acute or chronic heart disorder
that leads to kidney dysfunction. Types 3 and 4 represent the opposite situation when
acutely or chronically impaired kidney function leads to cardiac dysfunction. Type 5
represents a systemic process that leads to dysfunction of both organs.

Many authors have used observational and retrospective studies as precious
sources to determine the epidemiological data of the syndrome. Uduman concluded
that CRS type 1 is the most common. Given the lack of data sources, it is tough to
distinguish the frequency of chronic types 2 and 4 [15]. A group of authors in India
concluded with a cross-sectional study that around half of the observed patients with
CRS had type 1, type 2, and type 4 prevalences of around 20% each. Representation
of types 3 and 5 was only a few percent [16].

Recent papers by American scientists show how CKD affects 15-20% of adults
globally. The leading cause of death in that population is CVD [17]. Also, a group of
authors from Japan in the prospective cohort study called CKD-ROUTE have shown
that the prevalence of CVD among CKD patients is around 26.8% [18]. The British
authors did a similar study called CRISIS, presenting a slightly higher prevalence of
47.2% [19]. Vice versa, studies have shown that the prevalence rate of CKD in HF
patients is 11 times higher than in the general population [20].

4.1.1 Type 1: acute CRS

CRS type 1 represents an acute worsening of heart function caused by AHF, acute
coronary syndrome (ACS), or cardiogenic shock, leading to kidney injury and/or
dysfunction [14]. All treatment strategies are explained in ESC guidelines, depending
on the event’s cause. Avoiding all potential nephrotoxins, such as contrast solution,
and carefully monitoring cardiac and renal biomarkers is very important. The studies
have shown that almost 30% of the patients hospitalized due to AHF had worsening
renal function, which led to a higher number of deaths, complications, and longer
length of stay [21]. One of the most important mechanisms leading to acute kidney
injury (AKI) is lower kidney perfusion due to lower cardiac output and activation of
the renin-angiotensin-aldosterone system (RAAS) [22]. Also, the critical mechanism
is diuretic resistance of the kidneys, probably caused by sodium retention and the
already-mentioned contrast-induced nephropathy.
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4.1.2 Type 2: chronic CRS

Chronic CRS is caused by CHF, which leads to kidney injury or dysfunction. This
mechanism has several causes, including chronic hypoperfusion of the kidneys,
venous congestion, endothelial dysfunction, subclinical inflammation, and rapid
atherosclerosis. Management strategy of this type is the same as the previous one:
treat the primary cause of HF according to ESC guidelines and avoid nephrotoxins
and prerenal factors that can lead to AKI. Due to CHF as a cause, kidney injury or
dysfunction often progresses to CKD. As mentioned before, sometimes it is tough to
distinguish the primary cause of CRS, whether CHF or CKD arose and caused CRS
type 2 or 4. In some cases, cardiac re-synchronization or RRT can be used. A critical
study was published in 2007 in the prestigious American Journal of Cardiology. In this
clinical trial, almost 8000 patients with CKD were divided into two groups, depend-
ing on their EF. The patients were divided into systolic and diastolic HF subgroups;
the cut-off value was EF 45%. The study has shown that CKD-associated mortality
was higher in those with diastolic than systolic HF. Precisely, in the diastolic HF
group, extra deaths per 10,000 person-years were 71% higher [23].

4.1.3 Type 3: acute renocardiac syndrome

In types 3 and 4 CRS, as the word order tells, the worsening of the kidney function
leads to heart injury and/or dysfunction. Type 3 represents an acute worsening of
kidney function or AKI. According to Kidney Disease: Improving Global Outcomes
(KDIGO) foundation guidelines, the criteria for AKI are an absolute 0.3 mg/dL rise
within 48 hours or a 50% relative rise in serum creatinine over 7 days. It is essential
to mention that KDIGO was established by the National Kidney Foundation of the
United States, and the mentioned guidelines are from 2012 [24]. The causes of AKI are
numerous, and some of them are acute pyelonephritis, glomerular or tubular diseases,
hypoperfusion of the kidneys, and obstruction of the urinary tract. Consequences of
AKI can be fluid and sodium retention, a disorder of electrolytes or humoral media-
tors and toxemia. All mentioned could cause ACS, cardiac arrhythmias, or AHF.
Sometimes, it is hard to determine whether the heart or kidney acute dysfunction
appeared first. An excellent example of the connection between types 1 and 3 is called
cardiac surgery-associated AKI. The probable etiology of AKI is renal hypoperfu-
sion during the procedure, as well as hemodilution, hypothermia, and inflammatory
responses, which cause constriction of afferent arterioles. After the procedure, a low
cardiac output state with persistent hypotension worsens the patient’s condition. It
leads to CRS type 1 [25]. Consequently, AKI leads to fluid overload, which causes
further deterioration of cardiac dysfunction or CRS type 3.

4.1.4 Type 4: chronic renocardiac syndrome

In some patients, CKD leads to heart disease, injury, and dysfunction. It is
described as type 4 CRS. As mentioned before, the leading cause of death in patients
with CKD is CVD, and the prevalence of CVD correlates with the stage of CKD. It
is essential to define the criteria for CKD as abnormalities of kidney structure or
function for more than 3 months. Cause, GFR, and albuminuria categories must be
classified [26]. Very often, CKD has a place in cardiology guidelines together with
arterial hypertension and diabetes. Those three chronic conditions coexist in most
patients, leading to vascular stiffness, cardiac and renal fibrosis, left ventricular
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hypertrophy, sodium, and volume overload. Another important mechanism is
anemia in CKD, which can cause peripheral ischemia and activation of RAAS and,
consequently, sodium and volume retention. Vascular stiffness is one of the lead-
ing causes of CVD. It results from numerous events such as chronic inflammation
and oxidative stress of the vessel, mineral and bone disorder, chronic uremia, and
hyperphosphatemia, which causes soft tissue calcification.

4.1.5 Type 5: secondary CRS

The last type of CRS is caused by a systemic condition that leads to heart and
kidney injury and/or dysfunction. That condition can be acute or chronic. Some
causes are sepsis, amyloidosis, diabetes, and systemic lupus erythematosus. Recently,
published papers have shown that sepsis-associated AKI (S-AKI) is a frequent com-
plication with 12% up to 33% incidence [27, 28]. As expected, patients with S-AKI
had much worse outcomes. A group of Chinese authors published a systematic review
and meta-analysis, which included 47 observational studies and more than 55 thou-
sand patients [29]. The study has shown that 20 factors were statistically significant
as predisposing for S-AKI. Some are septic shock, hypertension, diabetes mellitus,
abdominal infection, vasopressor administration, etc. Type 5 is probably the most
complex type to determine because chronic conditions, such as hypertension, dia-
betes, or amyloidosis, can be a part of some other CRS subtype. Similar to previous
types, to prevent circulus vitiosus, the aim is to cure the primary cause.

4.2 Treatment of heart failure with reduced ejection fraction (HFrEF)

The main goals of treatment of HFrEF (EF < 40%) are reduction in overall
mortality, prevention of recurrent hospitalizations, and improvement in quality of
life. The cornerstone of treatment consists of pharmacological therapy that should
be applied before other interventions, according to the 2021 European Society of
Cardiology Guidelines for diagnosing and treating acute and chronic HF and the 2022
AHA/ACC/HFSA Guideline for the Management of Heart Failure.

Renin-angiotensin-aldosterone system (RAAS) blockers, beta-blockers (BB), and
mineralocorticoid receptor antagonists (MRA) are recommended as the baseline
treatment for these patients. In addition to this therapy, the sodium-glucose cotrans-
porter two inhibitors (SGLT2I) are recommended to reduce cardiovascular and
all-cause mortality due to worsening HF regardless of diabetes status. A general rec-
ommendation is to titrate all these drugs to maximally tolerated doses to improve out-
comes (Figure 4). Loop diuretics are recommended for the reduction of symptoms
and improvement in clinical status. Diuretics reduce the number of hospitalization
days but do not decrease the risk of death in these patients. Angiotensin-converting
enzyme (ACE) inhibitors are the first group of drugs that reduced mortality in
clinical trials, including patients with HFrEF. The primary mechanism of action is
areduction in afterload, preload, and sheer stress on the myocardial wall, which
results in increased cardiac output and renal blood flow and a reduction in myocar-
dial remodeling. Angiotensin-receptor blockers (ARB) are recommended to reduce
cardiovascular mortality and hospitalizations related to HF in patients intolerant to
ACE inhibitors. However, according to clinical trials, ARBs did not show a decrease in
all-cause mortality.

In addition to ACE inhibitors with diuretics, BB substantially decreases mortal-
ity and morbidity and improves quality of life. It should be initiated immediately in
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ACE — I/ARB/ARNI SGLT21

| BB - beta-blocker, ACE — I - angiotensin-converting enzyme inhibitor, ARB - angiotensin receptor blocker,
ARNI - angiotensin receptor-neprilysin inhibitor, MRA - mineralocorticoid receptor antagonist, SGLT2I -
|_sodium- glucose co-transporter 2 inhibitor

Figure 4.
Treatment of HFrEF for all patients - to reduce mortality.

hemodynamically stable, euvolemic patients. Bisoprolol, carvedilol, and metoprolol
succinate are three BBs that reduce mortality and the number of hospitalization days.
MRA, alongside ACE inhibitors and BB, also reduce the mortality risk of hospitaliza-
tion days and improves symptoms; therefore, they should also be initiated as the first-
line treatment in patients with reduced EF, but with caution in patients with impaired
renal function and elevated serum potassium. Eplerenone is preferred because of its
fewer side effects.

Newer clinical studies with angiotensin-receptor-neprilysin inhibitors, in com-
parison with ACE inhibitors, showed high superiority in reduction of cardiovascular
and all-cause mortality, the number of hospitalizations due to worsening of HF, as
well as improvement in clinical status and possible diuretic reduction [30].

Another significant approach to managing HFrEF is cardiac device treatment
and rhythm control (Figures 5 and 6). Some antiarrhythmic drugs reduce sudden
death rates but do not reduce all-cause mortality. Some may even increase mortal-
ity in primary prevention of sudden cardiac death (SCD); implantable cardioverter
defibrillators (ICD) are used instead to reduce all-cause mortality and prevent SCD
in patients with reduced EF, which are expected to survive for more than 1 year with
good functional status [31].

In primary prevention, ICD is indicated in patients with symptomatic HF of
ischemic etiology and EF of 35% and lower despite OMT in 3 months or more to

Diuretics
ICD, CRT-P, CRT-D

ICD - implantable cardioverter-defibrillator; CRT — P - cardiac resynchronization therapy pacemaker, CRT — D
- cardiac resynchronization therapy with defibrillator

Figure 5.
Treatment of HFrEF for selected patients -to veduce hospitilisation/mortality.

Atrial fibrillation Anticoagulation, PV, digoxin
Coronary artery disease Revascularization — PCI, CABG
Valvular heart disease (AS, MR) TAVI, MV repair

PVI - pulmonary vein isolation, PCI — percutaneous coronary intervention, coronary artery bypass graft, AS —
_aortic stenosis, MR — mitral regurgitation, TAVI — transcatheter aortic valve implantation

Figure 6.
Management of comorbidities.
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reduce all-cause mortality. The same criteria should be considered in other etiologies
of HF as clinical trials in those patients also showed a reduction of all-cause mortality
with significant evidence but with lower absolute benefit because patients with non-
ischemic cardiomyopathy have a lower risk of SCD.

In secondary prevention, it is recommended to use ICD in patients who suffer from
a ventricular arrhythmia causing hemodynamic instability unless there is a reversible
cause or a recent myocardial infarction occurred in the last 48 hours before arrhyth-
mia. Cardiac resynchronization therapy (CRT) implies the implantation of a three-
electrode pacemaker or implantable defibrillator (one electrode for the right atrium
and two for each ventricle) that improves cardiac function and quality of life. This
type of therapy showed a reduction of morbidity and mortality in selected patients
with vast QRS complexes who are symptomatic and have low EF (<35%) despite opti-
mal medical therapy. In case of high-degree atrioventricular (AV) block and indication
for ventricular pacing, CRT is preferred rather than right ventricular pacing, and in
patients with worsening HF with EF of 35% and lower who already have implanted
pacemaker or ICD, an upgrade to CRT device should be considered [5].

4.3 Treatment of heart failure with mildly reduced and preserved ejection
fraction (HFmrEF and HFpEF)

Although there are no specific clinical trials in patients with mildly reduced EF,
considering that these patients have some similar clinical characteristics to patients
with reduced EF, equal medical treatment can be deemed to act on further myocardial
remodeling, prevent worsening HF, and reduce hospitalizations related to HF. There
are some retrospective trials in which HFrEF treatment in these patients was poten-
tially beneficial, but more tests are required to draw evidence-based conclusions.

In the DELIVER trial, dapagliflozin (SGLT2I) reduced the combined risk of
worsening HF or cardiovascular death in patients with an EF of 40% and more [32].

In the case of HFpEF (EF > 50%), no specific treatment showed a reduction in
all-cause mortality. Besides dapagliflozin, empagliflozin reduced the combined risk of
the primary outcome (first hospitalization and cardiovascular mortality) in HFpEF
patients, mainly due to reduced risk of hospitalization related to HF despite diabetes
status [33].

Loop diuretics are used to reduce symptoms of congestion and improve quality of
life, but they do not reduce overall mortality. Moreover, in HFpEF patients, thereis a
general emphasis on screening for comorbidities and reducing and managing under-
lying risk factors.

4.4 Advanced heart failure management

Management of advanced HF includes pharmacological therapy, RRT, short- and
long-term mechanical circulatory support (MSC), and heart transplantation (HTx)
(Figure 7). Regarding pharmacological treatment, inotropes (milrinone, dobuta-
mine) and inodilatators (like levosimendan) may improve symptoms, hemodynam-
ics, and cardiac output. It can help improve heart, lung, and kidney perfusion [34].
They can also be used in chronic settings as palliative therapy in patients with no
other therapeutic options.

Advanced HF is often characterized by worsening kidney function and diuretic
resistance. Sometimes, high doses of intravenous potent diuretics (even in com-
bination, like furosemide with acetazolamide, hydrochlorothiazide, indapamide,
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Short-term MCS (BTR, BTD)
Long-term MCS as DT
HTx

MCS — mechanical circulatory support, BTR — bridge to recovery, BTD — bridge to destination, DT -
destination therapy, HTx — heart transplantation

Figure7.
Treatment for selected advanced heart failure patients.

or mineralocorticoid antagonists) are needed to commence diuresis with relief of
symptoms and signs of congestion. When failure of pharmacological therapy occurs,
RRT should be considered. It can be used in patients with or without kidney disease.
The most used modality of RRT is UF, either by central venous catheter (extracor-
poreal therapy) or by peritoneal catheter. Extracorporeal treatment is used more

in acute settings, and central venous catheters can be placed in the internal jugular,
subclavian, or femoral, usually with ultrasound guidance using the Seldinger tech-
nique. PUF is a chronic treatment modality in selected patients with resistant conges-
tion, either as destination therapy (in patients not candidates for MCS or HTx) or in
patients waiting for MCS or HTx.

In terms of insertions, MCS can be percutaneous, intracorporeal, or extracor-
poreal, and considering the time of their use, they can be short- and long-term
support. Percutaneous MCS are intra-aortic balloon pumps, the Impella family of
devices, Tandemheart, and extracorporeal membrane oxygenation (ECMO). ECMO
is also considered extracorporeal MCS and can be placed peripherally or centrally.
Intracorporeal MCSs are left ventricular assist devices (LVAD), right ventricular assist
devices (RVAD), or biventricular assist devices (BiVAD). They are surgically placed.

Short-term MCS is used in a few clinical scenarios in patients that require urgent
circulatory support (cardiogenic shock, primarily refractory to medical therapy). It
can be used as a bridge to recovery, bridge to bridge, or bridge to decision. Long-term
MCS, such as LVAD, can be used as a bridge to HTx, a bridge to candidacy for HTx, or
as destination therapy [5].

HTx is the gold standard for treating advanced HF [5]. There must be no contrain-
dication for HTx. Post-transplantation survival is around 90%, with improved quality
of life and physical status.

Management of advanced HF is complex, challenging, and expensive. It
requires dedicated expertise in highly specialized centers. There must always be a
plan for stopping procedures when they become futile due to disease trajectory and
disease progression with conversion to symptom control in dignified end-of-life
care (palliative care).

5. Extracorporeal ultrafiltration

Extracorporeal UF is a mechanical pump-driven therapy that emerged as an
option to overcome diuretic resistance. With this procedure, the volume and fluid
removal rate is customized by clinicians to the needs and clinical characteristics of
the patients.
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Asymptomatic CHF patients have reduced sodium excretion in response to volume
expansion compared to normal subjects. This abnormal fluid state leads to physi-
ological abnormalities in multiple organ systems. Increased water in the myocardium
can lead to ischemia and reduced contractility [35]. Hypervolemia may be related
to a reduced excretion capacity or increased salt and water retention in the pres-
ence of decreased adequate circulating blood volume. The most common causes are
endothelial damage, protein retention capacity, loss of plasma oncotic pressure, and
reduced renal perfusion due to impaired cardiac function. Disturbed neurohormonal
activation, excessive tubular sodium reabsorption, change in hemodynamics, oxida-
tive stress, inflammation, and use of nephrotoxic drugs are essential factors of adverse
cardiorenal interactions in CHF patients [36]. Diuretic agents remain the primary
treatment for fluid overload. Although effective early in HF, diuretics become ineffec-
tive in the progression of the disease due to the development of unresponsiveness [37].

UF could safely improve hemodynamics in HF patients as an alternative sodium
and water removal method. Some isolated schedules of UF may be too aggressive
and result in severe hemodynamic instability. That is why continuous extracorporeal
techniques have been applied to patients with excellent clinical outcomes. A stable
hemodynamic state, good cardiovascular response, and adequate diuresis are the most
common effects of continuous extracorporeal fluid removal methods. Hemodynamic
instability is the driving factor behind the physician’s decision to initiate extracor-
poreal UF, and the treatment was postponed until it became indispensable. This has
been overcome with the development and availability of better-tolerated treatment
modalities such as continuous RRT. Earlier intervention should always be considered
because it is not justified to wait until the appearance of severe symptoms [38].

The UF process produces water from plasma in response to a transmembrane
pressure gradient across a semipermeable membrane. The sieving capacity of UF
membranes is responsible for the UF of crystalloids but not of cells or colloids. When
hydrostatic pressure exceeds oncotic pressure, iso-osmotic ultrafiltrate is generated.

UF is performed from the patient’s blood and then returned to the patient
through separate access to the venous circulation. Adequate UF rates are needed for
extracellular fluid to refill the intravascular space and gradually maintain sufficient
blood volume. If the UF rate is too high, there is a decrease in intravascular volume,
reflecting the reduction in total blood volume. Maintaining circulating blood volume,
accurately determining the amount of fluid to be removed, and optimizing the fluid
removal speed are essential for the success of the therapy [39]. Different techniques
can be used for the hypervolemic patient to achieve an adequate fluid balance: UF,
hemofiltration, and dialysis together with UF. Pure UF is only a fluid removal tech-
nique; others can simultaneously purify the blood. According to their frequency and
duration, the treatments are classified as acute (single session up to 4 h), intermittent
(single sessions up to 4 h repeated daily or three times a week), or continuous (24 h/
day or as required).

5.1 Isolated intermittent ultrafiltration

Intermittent isolated UF is carried out several hours daily to remove a desired
amount of excess volume (1-2 L) [40]. The procedure can be repeated daily and uses
standard hemodialysis (HD) equipment without dialysis fluid. Considering the short
duration of the therapy, the effectiveness of this technique is in a higher UF rate.
Sometimes, the UF rate may be too high, leading to significant hemodynamic instability.
Many patients respond to diuretics again after one or more treatments with this method.
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5.2 Slow continuous ultrafiltration

Its primary aim is to safely and effectively manage fluid overload in refractory
edema without overt acute renal failure (ARF). This technique is mainly applied in
patients with CHF NYHA IV. Slow continuous ultrafiltration (SCUF) can be per-
formed with low blood flow rates (50-200 mL/min) in the veno-venous modality.
The UF rate is usually 100-300 mL/h, according to fluid balance needs. The frequent
complications from arterial cannulation are the primary reason the arterio-venous
modality is rarely used. It is required to control the UF rate to maintain the desired
volume status. Otherwise, higher UF rates would require fluid resuscitation. No
fluids are administered as dialysate or replacement fluids, as the primary purpose
of treatment is to achieve volume control. However, isolated UF is not a blood
purification modality and solute clearance is irrelevant. UF in SCUF is iso-osmotic
and isonatric, and water and sodium removal cannot be dissociated. That is possible
because sodium elimination is linked to the sodium plasma water concentration.

A small surface area filter can be used with reduced heparin doses to maintain the
effectiveness of the therapy because low UF and blood flow rates are required.
Removing myocardial depressant factors in the ultrafiltrate, reduction in preload,
and modulation of the RAAS axis seem to be possible pathophysiological mecha-
nisms underlying clinical improvement [41].

5.3 Continuous veno-venous hemofiltration

Continuous veno-venous hemofiltration (CVVH) produces a large ultrafiltrate
volume across a high-permeability membrane. The advantages of CVVH include
liberal fluid management, optimal clearance of uremic toxins, including middle
molecules, and hemodynamic stability. The ultrafiltrate produced during CVVH is
wholly or partly replaced with appropriate replacement solutions to achieve desired
therapeutic goals. Replacement fluid can be infused before (predilution) and/or after
(postdilution) the hemofilter. The decision on when to start CVVH should be based
on the severity of organ failure and ARF. Early initiation should be considered at oli-
guric ARF and/or a steep rise in serum creatinine despite adequate fluid resuscitation.
This method removes fluid with considerable solute clearance and blood purification
[42]. The hemodynamic response is inimitable due to the possibility of dissociating
water from sodium removal. In CVVH, the composition of ultrafiltrate is similar to
plasma water, but sodium concentration in the replacement solution significantly
affects the sodium balance.

5.4 Continuous hemodialysis/hemodiafiltration

The principal advantage of continuous hemodialysis/hemodiafiltration (CVVHD/
HDF) is the ability to remove large volumes of fluid, avoiding the hypotensive epi-
sodes caused by intermittent HD. It is indicated for managing patients with ARF who
are hemodynamically unstable and/or must receive large volumes of fluid or both. UF
volumes are optimized to exceed the desired volume of excess water. Solute removal is
both diffusive and convective. To perform a successful CVVHD/HDF, optimal clinical
tolerance to fluid removal is critical. In a setting of too aggressive UF, blood volume
may decrease due to a too-slow intravascular refilling, leading to severe hemodynamic
instability [43].
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6. The peritoneal dialysis catheter placement in patients with chronic
heart failure: anesthesiology and surgical perspective

Adequately positioned peritoneal dialysis (PD) catheter is necessary for successful
long-term PUF [44]. PD catheter insertion can be performed using different surgical
methods, such as open approach, laparoscopy, and peritoneoscopy, or percutaneously
[45, 46]. For all of these procedures, some anesthesia is required. The anesthesia tech-
niques used for PD catheter placement are general (most utilized), spinal, regional,
and local anesthesia [47].

6.1 Anesthetic considerations, including transversus abdominis plane block

PD catheter placement using an open approach usually requires general, neuraxial,
and rarely local anesthesia. Local anesthesia is preferable for patients with significant
comorbidities. However, the local infiltration of an anesthetic can produce edema and
bleed at the incision site, which disturbs the surgical field. In most patients, especially
obese ones, local anesthetic infiltration must be repeated, which can be connected
with the patient’s fear and anxiety. General anesthesia is usually required for laparo-
scopic PD catheter placement [46].

The CHF patients represent a group with an increased risk for anesthetic pro-
cedures, especially general anesthesia. For this reason, less invasive methods and
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Figure 8.

Ultrasound image (linear ultrasound probe)visualised all three muscles of the abdominal wall:external oblique
(A), Internal oblique (B). and trasversus abdonimis muscle(C). The space between the ineer oblique and
transversus advominis muscles (transeversus abdominis plane) is a tareget avea for applying a local anaesthetic.
(Author’s avchive).
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Figure 9.

Ultrasound image (linear ultrasound probe) showing a plane needle and needle tip positioned in the transversus
abdominis plane just before injecting the loal anaesthetic. All three muscles of the abdominal wall are visualised:
external oblique (A), intevanl oblique (B) and transversus abdomimis muscle (C). (Author’s archive).

techniques are being used. One of these is the transversus abdominis plane (TAP)
block. It is a newer regional anesthesia technique, more precisely, a type of peripheral
nerve block. The target area is a fascial layer between the transversus abdominis and
internal oblique muscles. In this plane are situated thoracolumbar nerves (T7-L1),
which supply the anterolateral abdominal wall (Figures 8 and 9). Using a TAP block,
analgesia from the skin to the parietal peritoneum is achieved, and recently, a TAP
block was used for PD catheter surgery [48, 49].

We recommended a combined ultrasound-guided subcostal and posterior
approach using a linear, high-frequency probe (6-15 MHz) as we described previously
[48, 49]. Briefly, when the TAP is identified, the needle is advanced in the targeted
area, and local anesthetic is injected. In most patients, 30 mL of 0.25% levobupiva-
caine hydrochloride or 30 mL of 0.75% ropivacaine is used. Standard equipment used
for patient monitoring includes an oxygen saturation probe, a non-invasive blood
pressure monitor, and an electrocardiogram. Cold and pain sensation tests (pinprick)
are used before the operation. About 30 minutes after the TAP block, a skin incision
is possible. Just before the skin incision, all patients received additional drugs, such as
sufentanil (10 mcg) and/or propofol (0.1-0.2 mg/kg), for a better analgesic/sedation
effect [48, 49].

6.2 Preoperative management

As for any surgical procedure, patients must sign informed consent before the
operation. Preoperatively, thromboprophylaxis (low molecular weight heparin)
and antibiotics (cefazolin) were administered in all patients. The patient’s position
depends on the surgical approach, but a supine position is mainly used. The skin is
disinfected with an antiseptic solution.
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6.3 Open approach

The patient is in the supine position. In our institution, in concordance with the
patient’s will, we put the PD catheter on the side of the patient’s dominant hand
(most often the right side). We use a vertical paramedian, infraumbilical skin incision
3-4 cm long for all patients. The incision includes skin, subcutaneous tissue, anterior
and posterior rectus sheath, preperitoneal tissue, and parietal peritoneum. The PD
catheter (Tenckhoff type, two cuffs) is inserted in the peritoneal cavity. Both cuffs
must be outside the peritoneum. The deep cuff is usually tied with the suture, which
closes the peritoneum. After completing all the layers, the PD catheter is tunneled
(inverse U shape), with an exit site different from the incision site. The proximal cuff
is situated in the subcutaneous tissue, and the distal cuff is preperitoneally. The skin
suture for the PD catheter’s fixation is unnecessary because the catheter is fixed with
sutures, including a deep cuff and peritoneum [48].

6.4 Laparoscopic approach

The patient is supine, with the surgeon on the right side (if the right-sided
implantation is planned) and the assistant on the left side. The scrub nurse is on the
side of the surgeon. The monitor is usually opposite the surgeon or near the legs. A
periumbilical incision is used to create a pneumoperitoneum. In most cases, three
trocars are used. One is in the camera’s periumbilical position (10 mm), and two are in
both lower abdominal quadrants. Through the left lower abdominal quadrant, a 5-mm
trocar is placed usually for grasper, and on the right lower quadrant, the specially
designed trocar (the so-called “Cala’s trocar” according to his inventor). Cala’s trocar
is a metal trocar, with the possibility to be dismantled and through its internity, the
PD catheter could be inserted (Figure 10) [45]. After trocar placement, the patient
is placed in the Trendelenburg position, and the whole abdomen is explored. Via
the Cala’s trocar, a PD catheter is inserted in the peritoneal cavity using grasper for
directed catheter deep in the pelvis. During catheter insertion, the deep cuff must
be placed in a preperitoneal position, not in the peritoneal cavity. The Cala’s trocar is
dismantled and removed, and the catheter must be clamped to prevent exufflation
of the peritoneal cavity. A subcutaneous tunnel is made with the finger, and a skin
exit site is created. PD catheter is fixed to the skin in its exit site. After PD catheter
fixation, the exufflation of CO, is performed, the trocars are removed, and their exit
sites are closed.

Another trocar is placed when the deep cuff goes inside outside the peritoneal
cavity. A suture is put laparoscopically to decrease the hole in the peritoneum and
prevent migration of the deep cuff, which stays in an extraperitoneal position. If
the patient has intrabdominal adhesions, adhesiolysis must first be performed using
ultrasound or bipolar scissors.

6.5 Peritoneoscopic approach

This approach is partly similar to laparoscopic and is made under local anesthesia
and in the supine position. First, the pneumoperitoneum is created. The guide is then
inserted through the small skin incision through the abdominal wall in the peritoneal
cavity with the optical control using a small diameter endoscope (peritoneoscope).
After verification of proper position, the channel is dilated, and the catheter is
inserted into the abdominal cavity.
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Figure 10.
Cala’s trocar is a metal trocar (A), with the possibility to be dismanted (B) and through its internity, the PD
catheter could be inserted (C). (Author’s archive).

6.6 Selecting the best method for PD catheter insertion

CHEF patients have substantially more comorbid conditions than the general
population, leading to higher mortality in this group of patients. General anesthesia
impacts the pulmonary and cardiovascular systems contrary to peripheral nerve block
and local anesthesia, whose influence is negligible. For this reason, peripheral nerve
block and local anesthesia can be recommended for placing PD catheters in patients
with CHF, especially those with significant comorbidities. The guideline for choosing
a PD catheter insertion approach is shown in Table 1 [50].

Compared to general anesthesia, a TAP block has increased anesthetic induc-
tion time and requires additional equipment (ultrasound), performance time, and
technical skill. A TAP block provides a longer duration and better quality of analgesia
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Patient’s characteristics Previous major intraabdominal No last major intraabdominal
surgery and peritonitis surgery and peritonitis

Patient suitable for general 1. Laparoscopic approach 1. Laparoscopic approach

anesthesia 2. Open approach 2. Percutaneous approach (x-ray)

3. Open approach or peritoneo-
scopic approach

4. Percutaneous approach (with-
out x-ray)

Patient non-suitable for general 1. Open approach 1. Percutaneous approach (x-ray)
anesthesia (reconsider TAP 5

. Open approach or peritoneo-
block or local anesthesia) pen app P

scopic approach

3. Percutaneous approach
(without x-ray)

The table is modified according to the International Society of Peritoneal Dialysis (ISPD) guidelines [50].

Table1.
Guideline for selecting a PD catheter insertion approach.

compared to local anesthesia [51]. In our institution, the TAP block is used as a
primary anesthetic technique for PD catheter surgery for all patients, but especially
for elderly patients and patients with significant comorbidities. Complications from a
TAP block are rare and include nerve injury, injection site bruising, infection, allergic
reaction, and liver laceration [52]. Contraindications for TAP block include infection
at the injection site, patient refusal or inability to cooperate, allergy to local anesthet-
ics, and coagulopathy [53]. An elevated BMI index was not a barrier to a successful
TAP block [48, 49].

6.7 Outcomes of different PD catheter placement approaches

The two most common methods for PD catheter placement are open and lapa-
roscopic approach [54]. Catheter malfunction is lower in the laparoscopic approach
(13%) than in open surgery (35%). The one-year catheter survival rate was higher in
the laparoscopic group compared to the open surgery group, but in the other study,
this difference was not found [51, 55]. Dialysate leakage, exit-site infection, and peri-
tonitis incidence between the laparoscopic and open surgery groups were similar [56].

The successful implantation of a PD catheter using a TAP block as a primary
anesthetic method is from 82.2 to 94.2% in ESRD patients [48, 49, 57-60].

Such data is not available yet for CHF patients. Still, the use of TAP block as the
primary anesthetic technique for PD catheter insertion should be considered in this
patient group (authors’ opinion).

7. Peritoneal ultrafiltration
7.1 Peritoneal membrane
The peritoneum is the most extensive serous membrane in the body, with a total

surface of about 1.8 m”. Human skin has a similar overall surface area. It helps to
protect and separate the internal structures of the abdomen and pelvis.
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The functions of the peritoneum:

a.Regulation of fluid for nutrient and mechanical purposes
b.Maintaining the position of organs by suspending them with ligaments
c. Prevention of friction while organs move

d.Conduction of vessels and nerves to the viscera

Peritonitis is inflammation of the peritoneum. Inflammation most often occurs as
aresult of a fungal or bacterial infection. Microorganisms can enter the abdomen due
to an abdominal injury, some other condition such as perforation of a gastric ulcer, or
during therapeutic procedures such as dialysis, esophagogastroduodenoscopy, gas-
trostomy. Inflammation of the peritoneum is a severe condition that requires urgent
treatment. There are several types of peritonitis: acute and chronic by course, serous,
fibrous, purulent, hemorrhagic by sort, diffuse, and circumscribed by localization. It
can be divided into primary, secondary, and tertiary.

7.1.1 Structure of the peritoneal membrane

It consists of two layers: the parietal peritoneum (the outermost parietal layer),
which surrounds the abdomen and pelvis, and the visceral peritoneum (inner visceral
layer), which wraps around the abdominal organs. A potential space between the
two layers contains small amounts of serous fluid (water, electrolytes, and immune
cells). This fluid is a form of protection and acts as a lubricant between the layers.

The parietal peritoneum covers the abdominal and pelvic walls and the diaphragm.
The visceral peritoneum covers the intraperitoneal organs and forms various folds
throughout the abdominal cavity. The greater omentum is a large fold of the visceral
peritoneum and extends from the stomach downwards. Another fold of visceral
peritoneum is the lesser omentum, which extends from the lesser curvature of the
stomach to the liver. In addition to pain, the parietal peritoneum is sensitive to tem-
perature, pressure, and laceration. The pain from the visceral peritoneum is poorly
localized. It is only susceptible to extension and chemical irritation.

The visceral and parietal peritoneum has a similar histological structure: mesothe-
lium, basal lamina, and submesothelial stroma. While mesothelium and basal lamina
appear similarly throughout the abdomen, the submesothelial stroma may vary in
thickness. Mesothelial cells are of mesodermal origin and, under specific conditions,
can become even more similar to mesenchyme [61]. The mesothelial cells were con-
sidered inactive and contributed only to lubrication. It is known today that they play a
crucial role in peritoneal homeostasis and produce a whole range of enzymes, cyto-
kines, growth factors, and proteoglycans. They also provide the first line of defense
against microorganisms and harmful chemical substances, which is why it is essential
that the mesothelium can regenerate quickly and smoothly after injury.

At the basal surface, mesothelial cells are supported by the basal lamina. It consists
of alayer of extracellular matrix less than 100 nm thick, composed of type IV collagen
and laminin.

Connective tissue or stroma supports the mesothelial cells and the basal lamina.
This supportive layer comprises collagen, mainly type I fibers, proteoglycans, fibro-
nectin, (myo)fibroblasts, adipocytes, and blood and lymphatic vessels [62].
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According to its structure, the peritoneum is a semipermeable membrane.
Through its intercellular junctions and stomata, passive transport of liquids and
dissolved substances takes place, as well as active transport through the formation
of pinocytic vesicles. The transport of dissolved substances and small molecules
through the peritoneum occurs quickly because the stroma, basal lamina, and
mesothelium do not create resistance [63]. Transportation of large molecules is
possible due to the network of collagen, fibronectin, elastin, and transcellular car-
riers in mesothelial cells [64]. The capacity of the peritoneum to transport fluids
enables peritoneal UF/dialysis. Due to dialysate in the peritoneal cavity, UF and
diffusion of water, salt, and uremic toxins through the membrane occur. Chronic
exposure of the peritoneum to the dialysate evokes functional and morphological
adaptions of the peritoneum. Chronic inflammation, progressive fibrosis, and
angiogenesis thickening of the submesothelial stroma eventually lead to its loss of
UF and blood purification capacity [65].

7.1.2 Aquaporins

The capillary endothelium, the interstitial space of the peritoneum, and the
mesothelium represent a barrier to the exchange of soluble substances and water
in the capillaries of the peritoneal cavity [66]. It should be emphasized that with
this transport through the “pore” of the capillary walls, solutes larger than glucose
are excessively lost, and the interstitium also modifies the transport of solutes via
the barrier mentioned above [67]. The fluid exchange across the peritoneal mem-
brane during PD is best explained with a “three-pore” model. The spaces between
individual endothelial cells (inter endothelial clefts) represent the primary route
for small-solute and fluid exchange. The radius of these clefts (“small pores”)
is cca. 40-50 A. The small pores markedly impede the transit of albumin (36 A)
and ultimately prevent the passage of larger molecules, such as a,-macroglobulin
and immunoglobulins. The transendothelial pathways of the “large pores” (radius
approx. 250 A) are responsible for the penetration of large proteins into the inter-
stitium and the peritoneal cavity [68]. Osmotic water transport occurs through
ultra-small, water-only pores (radius approx. 2.5 A), to which the capillary wall is
highly susceptible.

Aquaporins (AQPs) are a family of integral plasma membrane proteins. Their
discovery gave us insight into the molecular mechanisms for water transport through
biological membranes. AQPs are usually specific for water permeability and exclude
the passage of other solutes. All AQPs are impermeable to charged solutes, and water
molecules traverse the AQP channel in a single file. It was assumed that water leaked
through biological membranes, but the rapid movement of water across some cells
remained unexplained. Although it had been predicted that water pores must exist
in very leaky cells, it was not until 1992 that Peter Agre at Johns Hopkins University
identified a specific transmembrane water pore later called aquaporin-1 (AQP1).
AQP1 comprises a single peptide chain consisting of approximately 270 amino acids.
It is distributed in the endothelium of capillaries, venules, and small veins of the
peritoneum and is functionally identical to ultra-small pores [69].

An experimental mouse model showed that AQP1 is the most represented mem-
ber of the AQP family in the peritoneum and is the only one found in the capillary
endothelium. It was also experimentally shown that deletion of AQP1 does not affect
the expression of other AQPs and the diameter or density of peritoneum capillaries.
These data prove that AQP1 is important in peritoneal transport mechanisms [70].
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Under non-PD conditions, approximately 60% of the net capillary UF occurs
through small and 40% through large pores. Only 1-2% of total peritoneal transport
occurs through ultra-small, water-only pores.

Under PD conditions, fluid removal is mainly reinforced by an osmotic agent in
the peritoneal cavity. The osmosis mechanism is markedly affected by the type of
osmotic agent used. For example, glycerol (radius approx. 3 A) is a small osmotic
agent with a weak effect on small pores and primarily on ultra-small, water-only
pores. Unlike glycerol, glucose (radius approx. 3.7 A) performs its ultrafiltration
effect equally through ultra-small and small pores. Polyglucose (radius approx.
15-20 A), a high-molecular-weight osmotic agent, ultrafilters liquid mainly through
small pores. Polyglucose (radius approx. 15-20 A), a high-molecular-weight osmotic
agent, ultrafilters liquid mainly through small pores [71]. It is believed that AQP1
mediates 40-50% of osmotic-induced UF. A drop in dialysate sodium concentration
is expected after 60 to 90 minutes of the dwell, as free water is transported through
these pores, and this phenomenon is known as sodium sieving.

The relationship between AQPs, UF capacity, and sodium filtration is still debated
in PD. On the other hand, understanding the molecular structure and role of ultra-
small pores is vital for clinical practice regarding patient volume optimization.

7.1.3 Physiologic considerations

The final net UF in the peritoneal technique results from multiple transport
mechanisms within the tissue surrounding the peritoneal cavity. Free water is trans-
ported through ultra-small pores, and an adequate volume of dialysate forces water
and dissolved matter into the surrounding tissue. To achieve adequate UF from the
capillaries of the peritoneum, it is necessary to maintain a high osmotic pressure in
the peritoneal cavity. The osmotic pressure in the interstitium is lower than that in
the peritoneal cavity. It is equal to the osmotic pressure in the plasma already in the
first millimeter of tissue next to the peritoneum. Pure ultrafiltrate without dissolved
substances results from the difference in osmotic pressure in the blood capillary and
is produced by AQP1. If intraperitoneal pressure is too high, insufficient UF occurs.
The most common reason for this is peritoneum inflammation when, due to capillary
hyperpermeability, the osmotic agent quickly dissipates. Fibrosis of the peritoneum
is the second possible reason because there is a reduced osmotic pressure near the
blood supply, and there is no force to transport the fluid through the scar to the
cavity. To solve problems in net UF, the key is to lower the volume and, secondary,
the intraperitoneal pressure. Preventive measures are necessary to reduce chronic
inflammation and peritonitis and preserve the peritoneal membrane and its transport
characteristics.

The osmosis process is vital for transperitoneal water transport. Water moves from
a low to high solute concentration area across a semipermeable membrane across all
three pores. The effective surface area of the peritoneal membrane, the hydraulic
conductance of the peritoneal membrane, the concentration and type of the osmotic
agent used, and the influence of hydrostatic and oncotic pressure gradients across the
peritoneal capillary are the factors that are responsible for the transcapillary water
movement.

In the initial phase, the intraperitoneal volume is dominated by transcapillary
UF. It is influenced by the crystalloid osmotic gradient created by glucose. On the
other hand, it also governs relatively constant hydrostatic and oncotic pressure
gradients (so-called “Starling forces”) [72]. Intraperitoneal volume increases as the
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transcapillary UF rate exceeds lymphatic and tissue absorption [73]. The transcapil-
lary UF rate decreases because of the steep decline in glucose concentration. A
positive net UF occurs due to fluid transport imbalance because transcapillary UF
exceeds lymphatic absorption. A state of balance in fluid transport that does not
increase intraperitoneal volume is reached when the transcapillary UF rate drops to
avalue equal to the lymph flow rate. At that point, the intraperitoneal volume peak
is reached. The negative net UF due to fluid absorption results from a difference
between the decreasing transcapillary UF rate and the constant lymphatic tissue
absorption, representing a new state of fluid transport imbalance.

A linear and stable decline is the second and last phase of intraperitoneal volume
change. The peritoneal cavity’s drainage time is responsible for the net clinical effect
of peritoneal fluid movement. The drained volume may approach or even be less than
the instilled volume if drainage is delayed until the end of the final phase.

Using glucose as an osmotic agent leads to the deterioration of the peritoneal
membrane. Its well-known harmful effects on the peritoneum may lead to failure of
the PD treatment in the mid-to-long term. With this in mind, an extensive effort has
been made to find more biocompatible dialysis solutions, including icodextrin.

7.1.4 Advantages and safety considerations velated to icodextrin solution

The icodextrin was launched in the mid-1990s, and its use has increased over time
as more than 30,000 patients globally were receiving icodextrin treatment [74].

Different glucose concentrations in the PD solution are primarily used to meet
the different UF needs. However, glucose has short-lived effects as an osmotic agent
and degrades quickly in the peritoneum. Longer dwells of glucose solutions can often
result in net fluid reabsorption from the dialysate into the patient rather than the
expected outcome. Furthermore, glucose degradation products are formed, which
harm the peritoneum, resulting in its damage in terms of fibrosis. These changes
result in the peritoneum’s functional inefficiency and the treatment method’s viability
[75]. Finally, these solutions lead to metabolic disorders such as hyperinsulinemia,
hyperlipidemia., and hyperglycemia. Using icodextrin provides improved UF for long
dwells compared to glucose solutions. It is also more efficient in volume status control.
Further, Goossen et al’s systematic review and meta-analysis demonstrated decreased
mortality with icodextrin use [76]. Additional benefits from icodextrin are glucose-
sparing properties, lipid status improvements, and echocardiographic parameters
with reduced left ventricular mass.

The UF properties of icodextrin depend on the dwell time, whereby the maxi-
mum effect of icodextrin concerning glucose is achieved at a prolonged dwell time
of 10-14 hours. Sometimes, full results are achieved as early as 10 hours of dwell,
with minimal UF effect after that time. Compared to conventional glucose-based
dialysates, icodextrin may offer improved peritoneal membrane biocompatibility
by reducing glucose exposure, iso-osmolarity, and lesser carbonyl stress [77, 78].
Furthermore, the study of Posthum et al. showed that the concentrations of various
peritoneal membrane markers (interleukin-8, CA125, amino-terminal propeptide
of type III procollagen, and carboxyterminal propeptide of type III) did not differ
between patients treated with glucose and icodextrin over 2 years [79]. Other clinical
studies have confirmed that icodextrin is a safe and well-tolerated osmotic alterna-
tive solution to glucose [80]. The most significant side effect reported from using
icodextrin is a skin hypersensitivity reaction [81]. Most likely, the hypersensitivity
reaction is mediated by the immune complex. The peritonitis rate does not differ
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between patients treated with icodextrin and those treated with glucose solutions
only, which has been confirmed in several randomized, controlled studies [82]. Long-
term intraperitoneal use of icodextrin can permanently increase the plasma’s maltose,
maltotriose, and other oligosaccharides. This is significant because elevated maltose
levels can interfere with specific glucose and amylase tests [83]. Therefore, one should
be careful when interpreting the results of such tests when using icodextrin.

The most common antibiotics used to treat peritonitis (vancomycin, cephalospo-
rins, and gentamicin) are compatible and stable with icodextrin [84]. Finally, the use
of icodextrin has been associated with falls in serum sodium concentration and slight
increases in serum osmolality, which are usually not clinically significant.

7.2 Rationale for peritoneal ultrafiltration in congestive heart failure

PUF is a treatment modality aimed at patients with diuretic-resistant CHF to
control fluid retention adequately. While extracorporeal UF is more commonly used
to treat acute decompensated HF, PUF has been proposed for long-term treatment
of RCHE, especially in elderly patients, as a soothing therapeutic modality or as a
bridge to definitive surgery or HTx. The potential benefits of this treatment modality
include a quality-of-life improvement since it is a home-based therapy, better control
of congestion and no need for central venous access (no problems associated with
anticoagulation), and a reduction in hospitalization rates [85].

However, still unanswered questions show a need for future studies, starting with
the patient inclusion criteria. According to Bertoli et al., an ideal candidate for PUF
would be a patient with both CHF and CKD, on optimal medical therapy and at least
three hospitalizations in the previous year. Secondly, it is still being determined if
PUF would be suitable for patients with all HF types since, in most studies, patients
had left ventricular systolic dysfunction [86].

7.3 Peritoneal ultrafiltration prescription in congestive heart failure

The global prevalence of HF is increasing due to aging populations, insufficiently
controlled cardiovascular risk factors, and prolonged survival. Significant progress
has been made in treating HF in recent decades due to new disease-modifying drugs
and increasingly sophisticated devices [87]. However, the effectiveness of treat-
ment is limited in some patients, and palliative care is the only option to improve the
quality of life. Although progress has been made in the treatment of heart failure
with improved survival, RCHF remains a growing health problem, already a sig-
nificant cause of hospitalization, with associated costs [88]. CRS is dominated by a
comprehensive pathophysiology in HF, regardless of EF. It is associated with poorer
outcomes, more than 40% of all-cause mortality, and is a significant driver of repeat
hospitalizations. Renal venous congestion and arterial insufficiency lead to “excre-
tory renal failure” due to critical changes in intraglomerular filtration pressure. This
results in inadequate volume control that causes recurrent cardiac decompensation
[89]. Extracorporeal HD or UF is an alternative for treating congestion in case of
diuretic resistance. HD is conventionally reserved for patients with concomitant
ESRD, and UF is more commonly used in patients without ESRD [90]. There are
conflicting results from clinical studies comparing UF with pharmacological therapy.
In the UNLOAD study, patients treated with UF had better control of volume status
and a lower frequency of hospitalization for HF than those treated with diuretics.
However, in the CARESS-HF study, there was no difference in weight loss between
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patients treated with UF and those treated with higher doses of diuretics [3, 91].
More elevated serum creatinine values were observed in the group of patients treated
with UF, which the authors assumed was due to a transient decrease in intravascular
volume during this procedure.

More recently, there has been increased interest in UF via the peritoneal mem-
brane with the updated terminology of PUF, reflecting the goal of fluid extraction
across the peritoneal membrane [92]. PUF in RCHF reduces the incidence of decom-
pensation episodes, which is particularly significant as each episode incrementally
adds to mortality. Compared to extracorporeal therapies, this method offers potential
advantages such as better preservation of residual renal function, tighter control of
sodium balance, less neurohumoral activation, and the possibility of daily treatment
in the home environment [93].

On the other hand, PUF offers excellent flexibility in a prescription best suited
for a given patient. Success has been reported using a single-night time exchange
with icodextrin. It is recommended to start the therapy with a smaller volume of the
single-night icodextrin exchange and gradually increase it to the maximum tolerable
level, which gives us an appropriate UF rate. The icodextrin exchange can be done
twice daily in cases of greater hypervolemia. Such a prescription should be used for
up to 2 weeks and then turn into one single-day exchange. An incremental therapeutic
approach of the single-night exchange can be continued after achieving volume
optimization of the patient, including regular outpatient monitoring. This implies
pausing the therapy one or more days a week, according to the instructions of the
supervising medical staff.

8. Conclusions

The presence of CKD is a poor prognostic factor in patients with CHF, and a
number of these patients develop resistance to conventional medical therapy, primarily
diuretics. PUF is a viable modality for both the short- and long-term managements
of patients with RCHF. The role of PUF in short-term control is limited to situations
where extracorporeal UF is not possible or available. However, for the long-term man-
agement of patients with RCHF, PUF should be the therapy of choice for ambulatory
UF. It can be used as a bridge therapy for definitive interventions or palliative treat-
ment for these patients. Using an intraperitoneal solution such as icodextrin promotes a
slow and efficient PUF that better preserves residual renal function, is less invasive and
is better tolerated by cardiac patients, improving clinical symptoms and quality of life.

Patients with CHF are usually fragile, with multiple comorbidities. The proper
anesthesia technique and surgical approach for PD catheter placement in CHF
patients must be based on the patient’s characteristics (including comorbidities
and previous operations), available equipment, and surgeon’s experience. An open
approach using a TAP block for PD catheter placement in patients with CHF is
strongly recommended.

However, there is a need for controlled trials to define subgroups of patients
with RCHF who are most likely to benefit from this treatment method. Non-
randomized but more extensive observational studies should also be performed to
provide more information and establish the best protocol for managing RCHF in
patients without ESRD. Cost-benefit analyses and reimbursement policies should
be implemented. All this may lead to a more widespread use of PUF with icodextrin
in this group of patients.
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Chapter7

Medical Nutrition Therapy in Renal
Replacement Therapy

Susan Atieno Onyango and Grace Nyawira Njuguna

Abstract

This chapter discusses Medical Nutrition Therapy in three modalities of renal
replacement therapy (RRT), outlining the nutrient requirements for patients on
maintenance hemodialysis, peritoneal dialysis, and kidney transplant in acute and
chronic phases. The chapter takes note of the drastic impact of RRT on the patient’s
nutrition status and overall well-being, which puts them at high risk of morbidity
and mortality, and thus emphasizes timely and regular comprehensive nutrition
assessment to enable appropriate intervention. Recognizing that there are different
modalities of RRT and that patients have different physiological characteristics as
well as different laboratory test values, which may also vary for individual patients
each time tests are run, nutrition therapy is individualized each time. The chapter
takes a closer look at protein-energy wasting, a condition common among patients
undergoing RRT, which is a predictor of mortality, discussing its prevention and
treatment measures. Finally, the chapter takes a closer look at electrolytes, specifi-
cally potassium, sodium, calcium, and phosphorous, in relation to mineral bone
disease.

Keywords: nutrition therapy, nutrient recommendations, nutrition assessment, protein
energy wasting, mineral bone disease

1. Introduction
1.1 Medical nutrition therapy

Medical nutrition therapy (MNT) is an individualized nutrition evidence-based
process that aims at treating and managing medical conditions. MNT comprises
comprehensive nutrition assessment, diagnosis, specialized therapies, diet modifica-
tions, and nutrition counseling [1, 2].

A Renal Dietitian/Nutritionist, Registered Dietitian Nutritionist (RDN), a nutri-
tion professional, or an international equivalent does the comprehensive nutrition
assessment, including anthropometric measurements, nutrition-focused physical
findings, monitoring and evaluating appetite, dietary intake, body weight changes,
and biochemical data. This also assesses the effectiveness of MNT [3]. Renal replace-
ment therapy significantly affects nutrition status, which in turn affects the well-
being of the patients. Malnutrition is common among patients undergoing RRT,
with more undernutrition leading towards those undergoing hemodialysis, while
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overnutrition may also be found among patients on peritoneal dialysis (PD) and
post-transplant patient in the chronic phase. Malnutrition is common among patients
with end-stage renal disease, with a prevalence ranging from 18 to 75% for patients
on hemodialysis [4]. Patients often do not take adequate calories due to dietary
restrictions, which is most common with hemodialysis, and reduced appetite caused
by uremia. Other factors that cause malnutrition are loss of nutrients during RRT
through dialysis membrane, metabolic acidosis, inflammation, as well as the catabolic
effects of RRT [5].

1.2 Nutrition assessment

Comprehensive nutrition assessment, including but not limited to a history of
dietary intake, appetite, body weight and body mass index (BMI), other anthropo-
metric measurements, biochemical data, and nutrition-focused physical findings, is
required. This should be done at least within the first 90 days of starting dialysis and
monitored regularly. Nutrition assessment is the first step of the nutrition care pro-
cess; therefore, doing it correctly will ensure appropriate intervention. A combination
of screening tools and laboratory parameters is recommended [6].

For patients on maintenance hemodialysis (MHD) and PD, it is reasonable to
measure body weight and composition at least monthly and at least quarterly for
transplant patients to monitor for any changes. The routine anthropometric measure-
ments include waist circumference, skin fold measurements, and creatinine kinetics.
Although BMI should be used routinely for its usefulness in predicting mortality, it
should not be used in isolation because it is not sufficient to diagnose Protein-energy
wasting (PEW) unless it is less than 18 kg/m?. Rather, percent change in the usual
body may be more reliable for determining the risk of PEW [3].

The comprehensive nutrition assessment will inform the nutrition interven-
tion prescribed. Based on the treatment plan, the renal nutritionist or international
equivalent should therefore monitor key nutrition care outcomes, such as dietary
nutrient intake, body composition, and serum biomarker levels, after which the plan
will be re-assessed and adjusted accordingly to achieve the goals established. The
Renal Dietitian will work with the multidisciplinary renal team throughout the nutri-
tion care process. The patient and/or caregiver will be educated on dietary recommen-
dations based on individual needs. Studies show that nutrition education effectively
increases patients’ compliance with dietary prescriptions [7].

The use of a combination of tools is recommended, including the global subjective
tool (SGA) and malnutrition inflammation score (MIS).

When determining the energy requirements, the RDN should consider some
factors, including but not limited to RRT modalities, level of physical activity, age,
sex, weight status, disease-specific determinants, metabolic stressors, treatment
goals, and the patient’s overall health status. Studies suggest that diet therapy may
aid in lowering dialysis doses to be used safely and effectively even as the glomerular
filtration rate continues to decline [8].

2. Medical nutrition therapy in different renal replacement therapy
modalities

This section discusses the different nutrient requirements for the different RRT
modalities.

140



Medical Nutrition Therapy in Renal Replacement Therapy
DOI: http://dx.doi.org/10.5772/intechopen.111998

2.1 Nutrition therapy in maintenance hemodialysis

The goal of nutrition intervention in MHD patients is to optimize their nutritional
status, control blood glucose and blood pressure and fluid overload, keep renal bio-
chemistry within safe limits, and make dietary advice as practical as possible to assist
in compliance. For this reason, all renal patients must have adequate renal-specific
dietetic or nutritional support [9].

2.1.1 Energy requirements

Chronic Kidney Disease (CKD) impairs energy metabolism; therefore, it is
prudent to maintain adequate energy intake, which is necessary to prevent PEW. To
maintain a neutral nitrogen balance and nutrition status, studies suggest that energy
intake should range between 30 and 35 kcal/kg/day [3].

2.1.2 Protein vequirements

For metabolically stable patients, guidelines recommend a dietary protein intake
of 1.0-1.2 g/kg body weight per day to maintain a stable nutritional status. However,
higher dietary protein levels may need to be considered for patients at risk of hyper-
glycemia and/or hypoglycemia to maintain glycemic control. Dietary fat should not be
restricted because they may be important sources of calories [10].

2.1.3 Potassium

Renal dieticians should focus on individualization, consistent checks on serum
potassium levels, and clinical judgment, which would provoke the utilization of other
interventions other than dietary restrictions to attain normal serum levels of potas-
sium when appropriate. Studies suggest that dietary potassium restriction may limit
heart-healthy diets and lead to the intake of more atherogenic diets [10].

It is important to note that there have not been any clinical trials done on how
modifying diet can influence serum potassium levels in patients with CKD [3].
Several factors could influence the shift in serum potassium levels, including [11]:
medications such as angiotensin-converting enzyme (ACE) inhibitors, thiazides, and
loop diuretics; gastrointestinal problems (vomiting, diarrhea, constipation); acid-
base balance; glycemic control; and catabolic state.

Individualized potassium recommendations can improve patient outcomes and
quality of life. Moreover, pinpointing the root cause of hyperkalemia would be ideal
to help with appropriate interventions. Lindsey suggests the following reflections to
help in finding the root cause of hyperkalemia [12]: If the potassium level is consis-
tent with the current trend; if it could be a laboratory error; if there are medications
that would affect potassium levels/recent dose change; if there is constipation; the
patient’s carbon dioxide and blood sugar trend; recent muscle mass loss, reduced
appetite, and recent food intake. The author further clarifies that restricting fruits
and vegetable may not have a positive impact since most potassium in diets come from
coffee, tea, savory foods, beer, animal protein, and dairy.

2.1.4 Phosphorous

Recent studies point out that restrictions on dietary phosphorous may lead
to worse survival and poorer nutrition status [10]. The KDQOI guidelines
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recommend that to reach the decision of restricting dietary phosphorus, there needs
to be the presence of progressively or persistently high serum phosphate levels, taking
into consideration the trends rather than a single laboratory value and after paying
attention to concomitant calcium and parathyroid hormone (PTH) levels [3].

In MHD patients, if the nutrition requirements cannot be met through the oral
and enteral intake, intradialytic parenteral nutrition is recommended to improve and
maintain nutritional status [3].

2.2 Nutrition therapy in peritoneal dialysis

Guidelines recommend comprehensive and regular nutrition assessment for patients
with PD, including body measurements, patient appetite, nutrition-related laboratory
markers, clinical status, and dietary intake. However, different factors influence dietary
recommendations, and as such, dietary recommendations are not yet universal [13].
Energy requirements range from 30 to 35 kcal/kg/day, with patients below 60 years of
age proposed to get 35 kcal/kg/day and those older than 60 years to get 30 kcal/kg/day
incorporating the calories from the dialysate into the calculations, which are usually
mostly the dextrose because absorption occurs into the patient’s body [3].

Patients undergoing PD do quite a number of exchanges in a day; thus, they expe-
rience losses of essential elements and nutrients, including amino acids, peptides,
vitamins, and trace elements. Dietary restrictions are, therefore, minimal compared
to MHD patients. Guidelines suggest that dietary protein should range from 1.0 to
1.3 g/kg/day and even be higher up to 1.5 g/kg/day during peritonitis [3, 13]. Dietary
potassium is generally not restricted, while sodium recommendation is <4 g based on
serum levels. Phosphorous allowable is between 800 and 1000 mg/day, and phosphate
binders with meals are recommended if serum levels are high. The fluid is adjusted
based on the dextrose concentration of the dialysate.

2.3 Nutrition therapy in continuous renal replacement therapy

Continuous Renal Replacement Therapy (CRRT) is the modality of choice for
critically ill patients. While it permits better control of fluids and is hemodynamically
tolerated better than intermittent hemodialysis in critically ill patients, it has greater
effects on nutrition [14-16]. The clearance of CCRT is not only specific to uremic
toxins; it also clears low molecular substances, which are essential. Macronutrients
and micronutrients are also cleared from the patient’s blood into the waste [17-20].
Studies are limited on nutrition requirements, and as such, it is impossible to general-
ize given the different CCRT performance modalities, types of fluids, and different
prescriptions [21]. However, some studies suggest that energy requirements range
from 20 to 35 kcal/kg/day with a proportion of 60-70% being carbohydrates and
30-40 being lipids, respectively, considering the anabolic and catabolic phases
while considering non-nutritional calories and being cautious about overfeeding
[6, 19, 22]. Protein requirements range from 1.5 to 2.5 g/kg/IBW/day [23, 24]. There is
no standard recommendation for the electrolytes, vitamins, and trace elements, but
the medical team should continue monitoring the critically ill patients, checking the
serum levels, and correcting/or adjusting the fluids/feeds as appropriate. The medical
team should monitor serum levels of phosphorous, potassium, and calcium and adjust
as appropriate.
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2.4 Nutrition therapy in kidney transplant

Nutrition therapy is very crucial in the acute phase of the post-transplant period
(up to eight weeks) to provide adequate nutrition. This would enable wound healing
and prevent catabolism, prevent infections, correct clinically significant electrolyte
and metabolic abnormalities caused by the immunosuppressive medications, and
aid in restoring kidney function. In the chronic phase, nutrition helps to stabilize
and prevent deterioration of kidney function and prevents the development of
new-onset diabetes after transplant, hypertension, hyperglycemia, anemia, dyslip-
idemia, and bone disease [25, 26]. Adequate calories are recommended. Therefore,
energy requirements should be between 30 and 35 kcal/kg/day and protein 1.2-2.0
g/kg/day in the early period post-transplant [26, 27]. After the first months, protein
intake should be reduced to about 0.8 g/kg/day in patients with adequate graft
function while adjusting both energy and protein intake for physical activity levels,
gender, and age [28]. Some studies suggest that the protein recommendation for
the chronic phase post-transplant for the recipients without diabetes should be
0.6-0.8 g/kg/day, while for those with diabetes, it should be 0.8-0.9 g/kg/day [29].
Dietary potassium in the acute phase ranges between 2 and 4 g if the patient has
hyperkalemia and unrestricted in the chronic phase unless hyperkalemic. Fluids are
generally unrestricted in both phases, and phosphorous should be given as the daily
required intake and supplemented if the patient has hypophosphatemia in the acute
phase. In the acute phase, sodium should be restricted if blood pressure and fluids
dictate in the acute phase while in thechronic phase, sodium should range between 2
and 4 g if the patient has hypertension and/or edema.

Hypophosphatemia is often common in post-transplantation, especially in the first
months, and often to lead osteodystrophy and osteomalacia; therefore, it is prudent to
prescribe high-phosphorous intake through diet or supplements [3].

The nutrient requirements for each RRT modality are summarized in Table 1.

Nutrient Modality
requirements Hemodialysis PD CRRT Transplant
Acute phase Chronic
phase
Energy 30-35 [3] 30-35 [3] Anabolic 25-35[3] Adjust to
(kcal/kg/day) <age60 35 keal <age60 35 keal phase: 20-25 30-35[27] maintain
>age60 30 keal >age60 30 keal Catabolic 30-35[26] body weight
phase: 25-35
[22]
Protein 1.0-1.2 [3] 1.0-1.2 [3] 1.5-1.7 [23] 1.2-2.0 [26-28] 0.8-1.0
(g/kg/day) 1.2-1.3 [13] 1.7-2.0 [22] limit with
1.3-15 2.0-2.5[24] chronic graft
dysfunction
Potassium 2300 Not restricted Monitor 2000-4000 if Unrestricted
(mg/day) serum levels hyperkalemic unless
and adjust/ hyperkalemic
correct as
appropriate
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Nutrient Modality
requirements Hemodialysis PD CRRT Transplant
Acute phase Chronic
phase

Sodium <2400 3000-4000 Monitor Restrict if BP/ 2000-4000
(mg/day) Based on labs serum levels fluids dictate with HTN

and adjust/ and/ or edema

correct as

appropriate
Phosphorous 800-1000 800-1000 Monitor DRI DRI
(mg/day) Use phosphate serum levels Supplemented

binders and adjust/ if serum levels

correct as are low

appropriate
Calcium <2000 <2000 Monitor 1200-1500 1200-1500
(mg/day) serum levels [26]

and adjust/

correct as

appropriate
Fluids 500- Adjusted based Individualized Generally Generally
(ml) 700 + urine on dextrose unrestricted unrestricted

output concentrations

1000 if anuric of dialysate

DRI; Daily Recommended Intake.

Table 1.
Nutrient requirements in different RRT modalities.

3. Protein energy wasting

The International Society of Renal Nutrition and Metabolism (ISRNM) proposed
the term protein-energy wasting (PEW) to characterize multiple metabolic altera-
tions related to uremia, hypercatabolism, cachexia, and malnutrition associated with
morbidity and mortality in kidney disease [2, 3, 30].

The major and most common cause of PEW is inadequate protein and energy
intake, compounded by anorexia due to uremia, inflammation, dialysis procedure,
and acidemia [31]. Insufficient nutrient intake may also result from glucose absorp-
tion from peritoneal dialysate and early satiety feeling, poor economic status, depres-
sion, and illness that affects gastrointestinal functions [32]. Nutrient loss during RRT,
such as peptides, amino acids, vitamins, trace elements, and glucose, further put the
patients at risk of PEW [33].

Studies suggest that adequate energy and protein intake, as recommended in
Table 1, would help prevent PEW. Other strategies include dialysis adequacy, correct-
ing metabolic acidosis, and treating inflammation and co-morbidities such as diabetes
[34-36]. When standard preventive measures cannot reduce the loss of energy and
protein stores, nutrition supplementation would suffice. A renal dietitian or equiva-
lent can assess the patient for oral and enteral nutrition supplementation and further
intradialytic parenteral nutrition [31].
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4, Mineral bone disease

Many CKD patients are at an increased risk of developing CKD- Renal mineral
bone disease (MBD). They develop bone lesions symptomatically showing up as pain,
including back pain, tendon ruptures, pruritus, and an increased incidence of patho-
logical fractures. Studies show that patients with renal mineral bone disorders are
predisposed to calcification of the cardiovascular system and, consequently, increased
morbidity and mortality.

This has led to a shift in the treatment of renal mineral bone diseases from just
looking at a single biomarker, such as serum calcium levels, to further considering
the disease’s physiology, thus a look into serum phosphate and parathyroid hormone
levels (PTH) [37].

Before the knowledge of fibroblast growth factor 23 (FGF23) and its influence on
secondary hyperparathyroidism, phosphate retention was considered the main factor
in the disorder occurring [38].

A series of physiological events are triggered by retained phosphate, including
hyperphosphatemia, low vitamin D3, and reduced calcium levels, which stimulate
parathyroid hormone secretion enhancing phosphate excretion and secondary hyper-
parathyroidism in end-stage renal disease [39].

There have been observations by authors that hyperphosphatemia and hypocal-
cemia were evidence of calcitriol deficiency, suggesting that it would be the main
culprit to secondary hyperthyroidism noting the complexity of the disease because of
the several elements in the pathophysiology [37].

Several studies have documented a strong relationship between serum Fibroblast
growth factor 23 levels and creatinine clearance, noting that a decline in renal func-
tion had an increase in the FGF23 levels. Further, patients with End Stage renal
disease would have up to a 1000-fold above the normal growth factor levels attributed
to the reticence of phosphate and decline in renal clearance [40, 41].

The dire consequences associated with secondary hyperparathyroidism place an
emphasis on the need to promptly manage CKD renal mineral bone diseases with a
keen look and follow-up checks on markers such as serum calcium, phosphate, and
parathyroid hormone and calcitriol levels. In light of this, the KDIGO guidelines
recommend the onset of management dependent on serial trends of the markers [42].

Through proper nutrition education and counseling, there is a need to limit daily
phosphate intake to less than 800 mg, and this is possible by educating the patients on
how to read food labels to look out for high phosphate-containing foods and carbon-
ated drinks as well as additives.

This should be done with close nutritional assessment and monitoring as most
food sources that are protein in nature are rich in phosphorus. This, in turn, would
help prevent protein-energy malnutrition in chronic kidney disease.

Individualized nutrition plans, as far as dietary sources of phosphates are
concerned, should have the priority with consideration to intestinal absorption.
Plant-based phosphate sources have lower intestinal absorption than those inorganic
sources.

The use of phosphate binders has come a long way to help reduce intestinal
absorption by allowing the formation of a non-absorbable complex with phosphorus
in the food. Three classes of these binders are in use currently, that is, calcium-based
binders, aluminum-based binders, and non-calcium-based binders. Caution should
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be taken with aluminum-based binders as their long-term use has been related to
osteomalacia and encephalopathy.

The choice between calcium-based and non-calcium-based binder should, on the
other hand, be guided by serum calcium, calcitriol levels, and parathyroid hormones
Lest hypercalcemia occurs.

Low cholesterol levels, low uric acid levels, and anti-inflammatory effects have been
attributed to using Savelamer, a non-calcium phosphate binder making it have some
prominence, particularly where the serum calcium levels are normal. Dialysis is another
efficient way of eliminating phosphorus from the bloodstream, yet this is possible with
consideration of the type of dialysis, length of dialysis, and type of dialysate.

The most common length of hemodialysis is 4 hours with thrice-a-week sessions
that eliminate up to 2600 mg of phosphate levels. However, this may be slightly lower
for low resources settings where dialysis is done twice a week. Peritoneal dialysis will
succeed at up to 220mmg of phosphate elimination when done four times a day with
two-liter exchanges.

4.1 Emerging treatment options for CKD MBD

A new class of phosphate binders, sucroferric oxyhydroxide (PA21) and ferric
citrate (JTT-751), are iron-based, calcium-free phosphate binders recently advanced
into clinical practice. These have also been used to fix anemia in CKD and attenuate
vascular calcification.

Klotho supplementation has also been suggested as a prophylactic or therapeutic
therapy for averting secondary hyperparathyroidism. Equally, the usage of anti-FGF23
monoclonal antibodies (FGF23-Ab) to counteract the negative effects of high levels of
FGF23 in animal models has been assessed. While counteraction of FGF23 has been
characterized by improvement in secondary hyperparathyroidism, increased levels of
serum phosphate, aortic calcification, and higher risk of mortality have been reported.
Therefore, the therapeutic applicability of FGF23-Ab in humans is yet to be proven.

5. Conclusion

Renal replacement therapy has a great impact on the nutrition status and the overall
well-being of renal patients. This chapter discussed medical nutrition therapy focusing
on different modalities of renal replacement therapy. It delved into nutrition assessment.
Its benefits, and nutrient requirements for each renal replacement therapy. It, finally, dis-
cussed the nutrition management of protein energy wasting and mineral bone disease,
conditions which are very common among people with end-stage renal diseases.
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Chapter 8

Effect of Intra-Dialytic Physical
Exercise on Depression in
Hemodialysis Patients

Eman Abdelmohsen Sanad

Abstract

In hemodialysis (HD) patients, depression is linked to morbidity, mortality,
aworse quality of life, a shorter life expectancy, and even suicidal thoughts.
Intradialytic exercise is regarded as a crucial part of the clinical care management of
HD patients because it enhances the effectiveness of HD, lowers systemic inflamma-
tion, increases exercise tolerance, lowers depressive symptoms, and improves quality

of life.

Keywords: intradialytic exercise, depression, hemodialysis, quality of life,
hemodialysis effectiveness, exercise tolerance, physical activity, Hamilton depression
rating scale

1. Introduction

Hemodialysis (HD) is a common kind of renal replacement therapy for patients
with end-stage renal disease (ESRD), which affects up to 90% of patients globally.
Muscle wasting, decreased visceral protein storage, and physical function related
to uremic myopathy and neuropathy all contribute to patients with ESRD having
impaired physical function and activity [1].

Dialysis has a profound impact on how patients interact with their surroundings
and how they may play social roles in their families and in society. The necessity
of quitting their employment due to financial difficulties, acceptance of treatment
schedules with set days and times, frequent hospital stays, and knowledge of their
growing reliance on others [2].

The prevalence of depression among HD patients ranges from 20% to 60%,
while the levels of worry and stress range from 21% to 48%. Physical activity among
patients receiving HD is regarded as a safe and practical non-pharmacological method
to lessen depression [3].

The physical and cognitive symptoms of depression include feelings of melan-
choly, worthlessness, difficulty sleeping, loss of appetite and sexual drive, aswell as a
lack of interest in routine tasks. When depressive symptoms last longer than 2 weeks,
a clinical diagnosis of depression is made (Figure1) [5].

151 IntechOpen



Updates on Renal Replacement Therapy

Symptoms of depression (2 weeks)
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Figure 1.
Depression symptoms [4].

Chronic medical conditions advance significantly as a result of depression.
Because depressed people are so hopeless, they are less likely to comply, which aggra-
vates their medical condition. Additionally, nutritional shortages result from loss of
appetite, which makes matters worse. A vicious loop would be created by physical
health deterioration and depression. Patients on dialysis attempt suicide far more
frequently than the overall population [6].

Patients on HD encounter a variety of changes and limits in their everyday life,
such as hydration and nutrition restrictions, physical and cognitive impairment, and
the inability to perform prior roles, responsibilities, or activities. Patients usually
deal with severe psychological load, mostly anxiety and sadness, which has a detri-
mental impact on how the disease will progress. Death, illness, poor quality of life,
limited lifespan, and, worst of all, suicidal thoughts are all associated with depression
(Figure 2) [8].

Intradialytic exercise (IDE) is frequently advised to patients to promote their
physical activity. IDE may be helpful in lowering the degree of exhaustion, improved
sleep quality, increasing exercise tolerance, enhancing quality of life, and even
improving psychological status, according to earlier studies. IDE can boost the effec-
tiveness of dialysis, reducing inflammation and boosting nutrition and bone mineral
density in the process [9].
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Figure 2.
Prevalence of anxiety and depression in chronic kidney disease patients undergoing HD [7].

The term “intradialytic exercise” refers to exercise training carried out during
the HD session to improve the patient’s strength and endurance, hence focusing on
a variety of physiological and psychological characteristics. Different equipment is
employed according to the type of exercise, ranging from stretching to weight train-
ing to aerobic activity. HD patients’ general health and hospitalization rate have been
shown to benefit via IDE [10].

Usually, the first 2 hours of HD therapy are spent engaging in intraadialytic
activity. For HD patients, it is a practical non-pharmacological treatment. Placement
of a cycle ergometer in front of the treatment chair or at the foot of a bed is the most
typical example of IDE training (Figure 3) [12].

Figure 3.
Intradialytic cycling exercise training program [11].
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These are some categories into which exercise may be divided: Aerobic exercise
(AE), which works vast muscle groups, is rhythmic, continuous, and typically sug-
gested to increase endurance. Strength training, also known as resistance exercise
(RE), is known to enhance muscle growth and strength. Combination exercise (CE),
which combines AE and RE, does the same. Every training plan has distinct fitness
and health objectives [13].

2. Etiology of depression in HD patients

HD treatments alter the psychological well-being and personality of HD patients.
These changes are a result of the continual stressful situations they are exposed to three
times per week, as well as the many changes they must adapt to in their personal, social,
and professional lives, the need to alter their lifestyle habits, their dependence on HD
treatment and medical personnel, their loss of their jobs and social positions, their
decreased financial situation, their dietary regimen, their sexual dysfunction, their
access to dialysis-related issues, and their anxiety about mortality [14].

Dysphoria (depressed mood) and anhedonia (limited capacity for enjoyment)
are characteristics of depression. It has a significant influence on people’s social
lives, including how interpersonal relationships are affected and how social roles
are formed, as well as how neurocognitive abilities are affected. One of the primary
emotional problems for which individuals seek treatment is depression. Additionally,
depression is the primary cause of suicide fatalities [15].

Depression caused by dialysis has a complex etiology that is influenced by medical,
psychological, and social processes. Increased cytokine levels and potential genetic
susceptibility are two biological explanations. The loss of a job, sentiments of loss and
lack of control, and disrupted family and social connections are examples of psycho-
logical and social variables. Fatigue is another factor that contributes to depression in
HD patients. Fatigue is a subjective sensation that is defined by weakness, exhaustion,
and lack of energy. On HD, between 60% and 97% of patients report feeling tired
occasionally, and this has a detrimental effect on quality of life [16].

According to research on the behavioral causes of depression, increasing ESRD-
related self-care demands, such as frequent doctor and hospital visits, dietary restric-
tions, more medication, and at-home monitoring of blood sugar, blood pressure, and
weight, might cause despair. Patients with ESRD have been shown to isolate them-
selves from friends and family and experience financial hardships, both of which
have been linked to depression. These patients typically encounter physical symptoms
that are connected to uremia, dialysis, and medicines, and these symptoms have
been linked to depression. It’s still not known if these symptoms lead to depression
or if sadness leads to somatic symptoms. Depression may increase the likelihood that
people would engage in unhealthy risk-taking behaviors including smoking, staying
inactive, and gaining weight [17].

A bidirectional relationship between inflammation and depression in chronic dis-
ease was substantiated by the biological mechanisms of depression. This connection is
especially important for ESRD patients with high inflammatory markers. Depression
has been linked to an increase in inflammation, which can hasten atherosclerosis
and result in cardiovascular problems. Depression is also linked to changes in sero-
tonin levels and autonomic nervous system activity, as well as an increase in platelet
aggregation and changes in cortisol and norepinephrine production, all of which can
result in stroke and cardiovascular events. The brain’s ability to regulate mood may
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be directly impacted by cerebral vascular disease. For instance, certain post-stroke
lesions in the frontal lobe, left anterior, and left basal ganglia have been linked to
depression. By causing more inflammation, cerebral vascular disease may potentially
indirectly alter mood. Depression has been linked to medication noncompliance, poor
food choices, and missed dialysis in ESRD patients (Figure 4) [17].

In individuals with depression, several studies have discovered large increases in
the levels of the pro-inflammatory cytokines IL-6 and tumor necrosis factor alpha
(TNF-a) in the blood. Patients who received repeated injections of recombinant cyto-
kines for the treatment of cancer, viral infections, or autoimmune illnesses showed
depressive behaviors and mood changes, such as melancholy, depressed mood, and
suicide thoughts. As a result, there seems to be a two-way interaction between depres-
sion and inflammation. In other words, both the inflammatory response and the onset
of depressed symptoms have the potential to trigger inflammation [19].
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by s NO TREATMENT INITIATION Oniryed
OEATH OF m:mn
TREATMENT Death
BIO-PSYCHO-SOCIAL EFFECTS
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Figure 4.

A conceptual model of the bio-psychosocial links in ESRD [18].
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According to the inflammatory theory of depression, cytokine production is dys-
regulated and immunological responses are too active. TNF-a, IL-1f, and IL-10 levels
were all considerably greater in depressed patients, but IL-8 levels were significantly
lower. The abnormal expression of inflammatory cytokines in depressed individuals
implies that inflammation is triggered by depression. The pathophysiology of depres-
sion may be influenced by immunological disorders. Chronic stress has been linked
to hypothalamic-pituitary-adrenal (HPA) axis dysfunction, which reduces serotonin
synthesis [20].

The forms of vascular access were related to ESRD patients’ survival after
HD. Due to its decreased mortality and hospitalization rate, arteriovenous fistula
(AVF), arteriovenous graft (AVG), and central venous catheter (CVC) are the
most desired and suggested vascular access types. The use of CVC was linked to an
increased risk of infection, which eventually led to a higher fatality rate. Despite
this mounting evidence, CVC is still the method of choice for starting dialysis for
more than half of incident HD patients. One of the modifiable variables for depres-
sion and health-related quality of life in dialysis patients appears to be the kind of
vascular access [21].

In HD patients, uremic pruritus (UP) is a frequent and unsettling issue. Pre-
dialysis UP incidence ranges from 15% to 49%, whereas treatment-related UP inci-
dence ranges from 50% to 90%. UP is assumed to have several factors, despite the fact
that its pathogenesis is poorly understood. Recent theories contend that UP is caused
by modifications to the immune and opioid systems. Increased blood urea nitrogen
(BUN), calcium, phosphorus, and 2-microglobulin are risk factors for UP. Additional
contributing variables include high ferritin levels, erythropoietin insufficiency,
anemia, low transferrin, albumin levels, secondary hyperparathyroidism, elevated
calcium, phosphate and magnesium levels, and an increase in chemicals produced by
mast cells as histamine. The quality of life, sleep, emotional state, and social interac-
tions of patients are all negatively impacted by UP [22].

Abnormal brain activity in numerous areas, including the prefrontal cortex, is
associated with depression. Reduced prefrontal brain activity inhibits the ability to
manage unpleasant emotions, which worsens the condition of one’s mood [23]. The
activity of the amygdala is also elevated during depression [24].

Depression is linked to high cortisol levels that increased during times of stress
[25]. Depression is caused by cortisol, which makes the amygdala more active and the
prefrontal cortex less active. According to cognitive theories of depression, depressive
symptoms are brought on by unfavorable ideas, interpretations, self-evaluations, and
expectancies [26].

Cognitive susceptibility and stressful life circumstances can also promote depres-
sion [27]. It has long been assumed that a stressful existence might lead to depression,
and various studies have confirmed this [28]. Hopelessness theory is another cogni-
tive theory of depression that proposes that a specific type of negative thinking leads
to a sense of despair, which ultimately leads to depression [29].

Depression has the potential to negatively impact the medical outcome of ESRD
patients through a variety of ways. In dialysis patients, depressive symptoms were
linked to poor adherence. Depression has also been linked to changes in immune
system function, notably lower cellular immunity and higher cytokine levels.
Furthermore, depression has been associated to poor nutritional status and has
been demonstrated to precede a decrease in blood albumin levels in ESRD patients
(Figure 5) [30].
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Figure 5.
The impact of depression on medical outcomes [30].

3. Epidemiology of depression in HD patients

Depression is more common among HD patients, with estimated rates rang-
ing from 23% to 42% in the United States and Europe, and 45.9% in Taiwan.
Furthermore, clinical depression and subthreshold depressed symptoms are closely
linked to poor treatment adherence, increased mortality, and hospitalization
rates [31].

ESRD is associated with high rates of both anxiety and depression, with 38% of
kidney disease patients reporting anxiety and 27% reporting depression. Since these
mood disorders are strongly associated with poor health-related quality of life and
adverse outcomes including hospitalization, cardiovascular events, stopping dialysis,
and death, it is crucial to detect patients with anxiety and/or depression in the setting
of ESRD [32].

4. Depression diagnosis in HD patients

Due to the overlapping medical symptoms of uremia and depression, such as
weariness, loss of appetite, disturbed sleep, and other symptoms, evaluating depres-
sion in ESRD patients can be challenging. These symptoms may also be influenced by
other medical comorbidities, including as sleep apnea and vascular issues, which are
common in ESRD [5].

Screening for depression in people with ESRD is critical. Several studies have been
conducted to validate the more commonly used depression screening methods in
chronic renal disease patients. The Beck Depression Inventory, the Hamilton Rating
Scale for Depression, the Nine-Question Patient Health Questionnaire, and the
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Center for Epidemiologic Studies Depression Scale are a few of the tests used to check
for depression in patients with ESRD [30].

With a self-reported questionnaire, patients with uremic symptoms may test
positive for depression. During a clinical interview, these uremic symptoms can be
separated from depressed symptoms. As a result, the clinical interview remains the
gold standard for detecting depression in ESRD patients [17].

For more than 40 years, the Hamilton depression scale has been the gold standard
for assessing depression. It was created in the late 1950s to evaluate the efficacy of the
first generation of antidepressants, and it was first published in 1960. The HDRS is the
most often used clinician-administered depression scale. The original version has 17
items (HDRS17) referring to depressive symptoms encountered in the previous week.
The rating is clinical, and the administration time is 20-30 minutes. The primary goal
is to determine the intensity and change of depression symptoms. A score of 0-7 on the
HDRS17 is considered normal (or in clinical remission), but a score of 20 or more (show-
ing at least severe severity) is usually necessary for inclusion into a clinical trial [33].

5. Depression treatment in HD patients

Several research have recently examined the impact of antidepressants on cyto-
kine levels and functions. Antidepressants appear to normalize blood levels of key
inflammatory cytokines such as IL1 and IL6, as well as TNF. Antidepressants have
been shown in certain clinical investigations to reduce the impact of proinflammatory
cytokines by boosting the production of antiinflammatory cytokines. Antidepressants
may have immune-modulatory effects by decreasing proinflammatory cytokines and
increasing antiinflammatory cytokines [19].

Although evidence demonstrate that antidepressants are helpful and safe, side
effects such as sleepiness, diarrhea, nausea, vomiting, ejaculatory dysfunctions,
sleeplessness, and headache limited their use. As aresult, it is critical to investigate
non-pharmaceutical therapies. AE has been shown to be useful in the treatment of
depression sufferers and has no negative side effects [34].

Physical exercise improves physical functionality, psychological status, and quality
of life in ESRD patients, according to studies that have used it as part of their therapy
regimen. Physical activity has been shown to significantly improve ESRD patients’
levels of depression, quality of life, physical and mental health [35].

Many recent studies have emphasized the need of nonmedical therapies to address
depression in HD patients rather than pharmacological therapy; some of these
strategies include psychological, behavioral, modified regimens, supporting efforts
by families, hypnotism, muscle relaxation, and meditation. Exercise and physical
exercise are indicated as non-pharmacological treatments to treat or assist cure seri-
ous depression [36].

6. Physical exercise in HD patients

The participation of physical therapy professionals (physiotherapists and exercise
physiologists) improved the efficacy and safety of individually recommended exer-
cise regimens. The engagement of exercise professionals considerably contributes to
increasing the “exercise culture” in HD units, which is the only way to build a sustain-
able excellent practice [37].
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A nephrologist, a sports medicine doctor, a physiotherapist, nurses, an exercise
physiologist, and even a renal nutritionist may establish an exercise dialysis team asa
first step. For dialysis patients to successfully implement physical exercise, the follow-
ing elements may be suggested:

* Involvement of fitness experts

* The dedication of the medical and dialysis personnel

* Thorough evaluation of the patient’s physical capabilities

* Individualized workout program prescription for each patient

* Use of intra-dialysis exercise when practical

* Refraining from monotonous or boring workout routines

* Before beginning intra-dialysis exercise, fitness specialists should be present.
* Continual evaluation of the patient’s physical capabilities

* Using a pedometer or diary recall to track regular daily exercise, provided you
have the right tools [37].

A team of experts and professionals, including a cardiologist, physiotherapist,
exercise physiologist, renal dietitian, and nurse, should be led by a nephrologist.
Building an effective exercise team, establishing an exercise culture, and raising
physical activity levels all contribute to more comprehensive and current clinical care
treatment of ESRD patients [37].

The workout consists of the following phases: (a) Warm-up phase: 5 minutes
of low-intensity cycling at a slow tempo. (b) Active phase: The patient cycled for
20-25 minutes at the speed obtained during the warm-up phase, after which the
speed was increased in increments of nearly one cycle per second until the participant
reached an intensity of stress with a fatigue score of 11-13 points, which corresponds
to an exercise of (mild) intensity to (quite hard) on the Borg scale. (c) Cool down
phase: Following the speed reduction to low speed, a 5-minute cooling down time
followed, much like in the warming up phase. This type of training has the advan-
tage that the quick burst of intense activity causes peripheral adaptations in the leg
muscles without risking an overload in central mediation. In order to calculate an
effort score between 11 and 13, or what would be considered (moderate) to (very
hard) exercise on this scale, the bicycle load was maintained [38].

Patients with ESRD are constantly under oxidative stress due to an imbalance
between reactive oxygen generation and inadequate endogenous antioxidant defense
systems. As a result, oxidative stress encourages the activation of factors that trigger
inflammatory processes in these individuals, resulting in a vicious cycle of oxidative
stress and inflammation. This process is linked to an increased risk of developing
cardiovascular disease (CVD). Physical workouts have been shown in recent research
to lower oxidative stress indicators and boost the antioxidant defense system in HD
patients; they may help diminish the inflammatory process in these individuals [39].

IDE has been shown to benefit HD patients. As they deal with the issues associated
with ESRD, these people need to be less treated as “patients” and encouraged to take
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a more active role in their health. Obstacles must be overcome by medical and health
professionals in order to encourage continued improvements in their patients’ health
and fitness. IDE programming that is well-planned and supervised can be both safe
and efficient, with significant potential for enhanced quality of life [12].

Increasing physical activity should be a goal of clinical care management, however
there are barriers that prevent physical exercise programs from being widely used in
dialysis units. A HD exercise program may be maintained if three important charac-
teristics are present: (a) participation of exercise specialists; (b) genuine commitment
of nephrologists and dialysis professionals; and (c) unique patient customization of
the exercise program [37].

Exercise training should be medically monitored and guided by an experienced
exercise therapist (or physiotherapist) in HD patients. Physical examination, moni-
toring of heart rate, blood pressure, and rhythm before, during, and after exercise
training should all be part of the supervision. A rigorous supervision allows for the
verification of individual responses and tolerability, clinical stability, and the rapid
identification of signs and symptoms suggesting the need for program adjustment or
discontinuation [40].

However, there may be several exercise-related adverse effects such as fatigue,
hypotensive episodes, musculoskeletal complications, and rare cardiovascular com-
plications. The dialyzer experiences a significant flow of uremic toxins from the tissue
to the vascular compartment during IDE. It results in increased capillary surface area
and improved muscle blood flow. The IDE also showed increased compliance and
lower drop-out rates in addition to enhanced adoption and adherence [41].

Exercise regimens must be adapted to each patient’s physical capabilities and
comorbidities. This is the primary method for implementing physical exercise in
ESRD patients in a proper and safe manner. Dialysis nurses play an important role
in encouraging and assisting patients during intravenous dialysis. This emphasizes
the need of incorporating exercise specialists in a dialysis exercise team. To sum
up, before suggesting an exercise program, either extra-dialysis or intra-dialysis, or
both, a thorough evaluation of general condition, comorbidities, notably cardiovas-
cular, nutritional state, and physical activity ability is essential. A multidisciplinary
team of specialists and professionals, including a cardiologist, physiotherapist,
exercise physiologists, renal dieticians, and nurses, should be led by nephrologists
(Figure 6) [37].

Cultural
Structural { Barriers
Clinical

P Dialysis nurse

Figure 6.
The ideal exercise team [37].
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7. Recommendations for safety and efficacy of exercise training in HD
patients

Exercising should be done within the first hour of dialysis; do not exercise if you
are hypertensive, cramping, or have a volume overload. Avoiding excessive weights
on the vascular access limb; physicians in charge of a workout program Intradialytic
or interdialytic exercise is preferable. Strength training is also impractical during
dialysis [42].

Aerobic activities dominate intraadialytic exercise regimes. AE is performed with
a cycle ergometer or bicycle training. There are several workout plans that use varied
exercise frequency, intensities, and durations. It has been demonstrated that AE last-
ing from 8 weeks to 6 months improved peak VO, by around 17% in individuals with
ESRD [43].

During dialysis, both endurance and RE training regimes have been routinely
used. Most published research papers use intraadialytic cycling as the principal
modality of endurance training. Patients bike on a cycle ergometer while receiving
HD. Many research have employed intraadialytic resistance training as the predomi-
nant modality of exercise [44].

Whole body resistance training, in which muscles are progressively stressed by
increasing weights or resistance over time, is the most effective way for enhancing
muscular development, strength, and function. Unfortunately, patients confined to a
dialysis chair or bed find it challenging to exercise, hence the majority of intradialytic
resistance training regimens have relied on low- to moderate-intensity exercises
employing ankle weights or elastic bands [45].

Because it affects intradialytic hemodynamic stress, exercise during dialysis
session is best done within first 2 hours of dialysis. Exercise commonly raises blood
pressure and results in post-exercise hypotension, as is widely recognized. The
post-exercise hypotension is particularly alarming since it may raise the likelihood of
harmful ischemia episodes, especially in the latter stages of HD when ultrafiltration is
reducing the total blood volume [42].

Due to less limitations on the type, amount, and intensity of exercises that patients
may conduct when they are not confined to a dialysis chair or bed, interdialytic
exercise would appear to offer numerous advantages to intradialytic activities. IDE
is supported primarily by the fact that it is highly time-effective for patients and that
compliance can be thoroughly tracked [42].

Studies have shown that exercising while receiving dialysis treatments increases
the effectiveness of the procedure. These studies’ findings imply that intradialytic
cycling can improve blood flow to the active leg muscles. This transfers the urea and
other toxins that have been held in the muscle compartments to the blood stream for
HD elimination. It has been proposed that an additional 20 minutes of dialysis might
be equivalent to an hour of AE. Improvements in tiredness levels, sadness, quality of
life, sleep, restless legs, inflammation, and hospitalization rates are also seen in the
studies [12].

The following The Southern Alberta Renal Program (SARP) recommendations
may aid in the delivery of IDE in HD units:

1. The physiotherapist should evaluate each patient’s suitability for activity. ESRD
comorbidities and etiology, all pertinent blood work, medications, cardiac his-
tory, bone health, symptoms (angina, shortness of breath, or pain), previous
surgeries, injuries, hospitalizations, falls history, past/current exercise habits,
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current living situation, ambulation aids, and ability to perform daily activities
must all be covered in a thorough medical history.

2. Patients who have any of the following conditions should avoid exercising (or
may need additional medical evaluation):

* Unstable cardiac state (arrhythmias, severe arterio-venous stenosis, decom-
pensated congestive heart failure, and angina pectoris)

* Physical conditions that would make using the bike difficult
* Ineffective blood glucose regulation

* A current disease or infection

* An ineffective CVC or AVF/AVG

3. A physiotherapist can do a daily assessment of the safety of activity. Prior to
being allowed to exercise, the following prerequisites must be satisfied:

* Aiming for an ultrafiltration rate (UFR) of less than 13 ml/h/kg

* BP 180/100 or >100/50 mm Hg

* Resting heart rate (BPM): 100

* No illness or hospitalization in the previous week

* AVF or AVG needing enough needling or a well working CVC

* Absence of any unusual symptoms (headaches, nausea, dizziness, or the flu).

* A minimum hemoglobin level of 9 g/dl is required; patients with more prob-
lematic cardiac histories may be put on hold until their hemoglobin levels rise.

* Controlled blood sugar levels (between 126 and 252 mg/dl)

* Without experiencing any symptoms, oxygen saturation levels should be over
90% at rest and above 88% during activity.

4.1f a patient satisfies the safety requirements, the staff may place a pedal cycle
in front of the patient’s chair for them to use during the first 2 hours after start-
ing dialysis. Patients get instruction on safety, progressive progression, and
appropriate warm-up/cool-down techniques during the initial 5- to 10-min bike
trial.

5. With the aim of getting at least 30 minutes of exercise during each dialysis treat-
ment, patients self-progress their exercise time by 2-5 minutes every session.
Pre-exercise, mid-exercise, and post-exercise vitals and oxygen saturation values
are taken in all patients, and blood glucose levels are monitored pre-exercise and
post-exercise in diabetics.
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6. Special considerations:

* Cardiac patients are sent for stress testing to ensure safety during exercise.

* Because HD patients frequently use beta-blockers and may have changes in
fluid gains, energy levels, and symptoms, the Borg scale is highly recom-
mended for assessing exercise intensity.

* No exercise is authorized if a patient misses their preceding HD treatment.
Missed treatments might result in fluid overload and hyperkalemia symptoms.

* Before beginning exercise, patients with a history of hyperkalemia may need at
least 30 minutes of HD to reduce the risk associated with this condition.

* IDE should be temporarily postponed until three consecutive successful HD
sessions with double needles have been accomplished before establishing the
needling of a new AVF or AVG.

* HD patients who experience thirst can be advised to chew on ice cubes to help
slake their thirst as a way to reduce water intake due to fluid limitations.

* Patients with intradialytic hypotension could need longer cool-downs. In
addition, as soon as activity is stopped, all patients’ feet should be raised on the

footrest of the chair.

* Due to the improved blood flow to the leg muscles and peripheral areas,
patients may enjoy relief from cramps [12].

The Renal Association Clinical Practice Guideline on Hemodialysis indicated that

once patients get accustomed to exercising during dialysis, they be encouraged to do it

on

non-dialysis days [46].

8. Conclusions
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1.In HD patients, a simple AE program provides a supplementary, safe, and
successful therapeutic therapy strategy.

2.IDE may alleviate depression by enhancing inflammation, physical performance,
and dialysis adequacy.

3.IDE can improve physical performance of ESRD patients

4.1t is probable that correctly screening, diagnosing, and treating depression in
these people will result in an increase in quality of life.

5.Future research for the development of patient exercise systems must continue
to focus on high-quality data and expand the number of plans for varied patient
situations. Furthermore, investigations examining the potential negative effects
of exercise on HD patients are advised in order to give more thorough data for
establishing effective exercise programs.
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Abbreviations

HPA hypothalamic-pituitary-adrenal

HD hemodialysis

ESRD end-stage renal disease

IDE intradialytic exercise

HDRS Hamilton depression rating scale
TNF-« tumor necrosis factor alpha

6MWT six-minute walk test

RAPA rapid assessment of physical activity
peak VO, peak volume of oxygen consumption
PTH parathyroid hormone

ECG electro-cardiogram

6MWD six-minute walk distance

URR urea reduction ratio

Ca calcium

PO, phosphorus

HB hemoglobin

ELISA enzyme linked immune-sorbent assay
T. Sat transferrin saturation

TSH thyroid stimulating hormone

IQR inter quartile range

CVvC central venous catheter

AVF arterio-venous fistula

AVG arterio-venous graft
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Chapter 9

Psychological Interventions for
End-Stage Renal Disease Patients’
Receiving Hemodialysis

Haseeba Shouket

Abstract

Hemodialysis is the lifesaving treatment for End-Stage Renal Disease (ESRD)
patients; however, the treatment’s nature impacts the patient’s quality of life and mental
health. Focusing on the mental health of patients receiving hemodialysis, the chapter
draws attention to the psychological interventions that can improve patient’s quality of
life. The mental health of ESRD patients receiving hemodialysis can be improved with
cognitive-behavioral therapy, psychoeducation, relaxation techniques, peer support
groups, spiritual therapy, and technology-based psychological interventions.

Keywords: hemodialysis, mental health, quality of life, psychological interventions,
end-stage renal disease

1. Introduction

Globally, hemodialysis is one of the most common forms of renal replacement
therapy for End-Stage Renal Disease (ESRD) patients. Around 69% of all kidney
replacement therapies and 89% of all dialysis treatments are performed via hemo-
dialysis (HD) [1, 2]. HD is performed in the center; hence, the procedure requires
frequent visits to the hospital or HD centers, often three times a week for three to
four hours, as a result, patients’ normal living patterns are substantially altered [3, 4].
Moreover, HD treatment leads to weakness and fatigue along with the limitations
of fluid and diet [5, 6]. In addition to these limitations, HD patients face social and
financial challenges [7]. Hence, the logical implications of HD influence the patients’
life overall and impact their quality of life [8-10].

HD patients are not the only ones affected by the magnitude of change, but also
their families, as they depend largely on their families to care for them and provide
them with financial support [11-14]. Even though HD treatment improved health
maintenance and life extension, the quality of life of the patients is compromised by
their survival treatment [15]. In a study [16], untreated depression in high prevalence
among HD patients was reported and one of the main reason was the reluctance of
patients toward psychotherapy.

A high proportion of patients receiving HD experience a compromised quality
of life [17] and report mental health challenges due to adaptive difficulties during
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disease management [15, 18, 19]. Mental and emotional distress is associated with
HD due to restrictions in lifestyle, the constant threat of death, and other physical
symptoms that can discourage self-management among patients [20]. According to
an estimation, one in five HD patients experience depression [21, 22]. Other com-
monly reported symptoms are stress, anxiety, fatigue, lowered self-esteem, and social
isolation [23-25]. HD patients experience anxiety, depression, and poor quality of
life [26]. These mental health problems impact the response of HD patients to their
treatment [27]; hence, needs attention.

2. Psychological interventions

Psychological interventions are set of strategies that can be used to change
behavior, cognition, or emotions [28]. It refers to relationships designed to increase an
individual’s ability to adapt to a situation and optimize his or her personal resources in
relation to autonomy, self-knowledge, and self-help [29]. Psychological interventions
not only have the potential to reduce depression and anxiety among patients receiv-
ing hemodialysis [30] but also improves their quality of life [31, 32]. In other words,
psychological interventions can promote mental health that can prevent the occur-
rence of psychological disorders, for example, depression. It is extremely important to
understand that mental health is more than just the absence of mental disorders [33].
According to World Health Organization, mental health is described as:

“Mental health is a state of mental well-being that enables people to cope with the
stresses of life, realize their abilities, learn well and work well, and contribute to their
community. It is an integral component of health and well-being that underpins our
individual and collective abilities to make decisions, build relationships and shape the
world we live in” [33].

Therefore, it is important to improve the quality of life even in the absence of
any mental health problem by fostering healthy thoughts and behaviors [34], which
can be possible by incorporating psychological interventions in health care of HD
patients. Hence, the use of psychological intervention with ESRD patients on mainte-
nance HD is extremely important.

3. Psychological interventions for ESRD patients receiving HD

Psychological interventions can be effectively improving the mental health of ESRD
patients receiving HD. These interventions are delivered either individually [35], in
groups [36, 37], or by guided self-help [38, 39]. Cognitive-behavioral therapy (CBT),
psychoeducation/educational interventions, relaxation techniques, peer support
groups, spiritual therapy, technology-based psychological interventions, and other
psychotherapeutic techniques are effective in improving the mental health of ESRD
patients receiving HD (Figure1) [40, 41].

3.1 Cognitive-behavioral therapy (CBT)

CBT is the widely used psychological intervention for HD patients [32]. It aims to
develop a positive attitude toward hemodialysis by countering negative thoughts and
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Figure 1.
Psychological interventions for ESRD patients receiving HD.

improving the patients’ acceptance and understanding of their disease and HD [42].
Moreover, CBT helps to internalize HD patients’ locus of control [43]. Therefore,
reduce depression [44, 45] and anxiety and improves quality of life of the patients
undergoing HD [46, 47]. CBT is effective in increasing hope among ESRD patients
receiving HD and dealing with their death anxiety [48].

The benefits of CBT extend into physical health as well. For instance, HD patients
can benefit from CBT techniques, including sleep hygiene, to reduce their sleep
disturbances [49, 50]. Furthermore, fluid control, which is integral to HD [51], can be
achieved by using techniques such as reinforcement, self-monitoring, self-contract-
ing, and other CBT techniques [52, 53]. Moreover, mindfulness meditation improves
the biological markers of ESRD patients receiving HD [54]. BReF is specially designed
CBT to reduce fatigue among ESRD patients receiving HD by creating consistent
activity and rest routines throughout the day [55].

In a systematic review [56], it was concluded that the most promising psychologi-
cal interventions were thought to be those that have cognitive and behavioral compo-
nents. These findings highlight the importance of CBT for ESRD patients receiving
HD. However, despite the evidence from the literature for the effectiveness of CBT
in improving the quality of life and self-management among patients receiving HD
patients, it is not being incorporated into practice [57].

3.2 Psychoeducation

Psychoeducation educates patients about the nature of their illness and how
to manage the problems associated with illness [58]. These education-based
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psychological interventions for ESRD patients receiving HD are aimed to surge their
capability of goal setting and health literacy [32]. ESRD patients receiving HD were
when psycho-educated, it changed their understanding and some beliefs about their
survival treatment; hence, improves adherence behavior toward treatment [59]. In
the case of HD, psychoeducation is beneficial at any stage of HD, but when used
either before starting HD or in the initial stage exhibits significant advantages [60].
Psychoeducation can be used to address anxiety and depression among hemodialysis
[61]. Al saraireh, Aloush [62] preferred psychoeducation over CBT for depression
among patients receiving HD. Family-based psychoeducation program is beneficial
for HD patients and their families [63]. In most studies [61, 62, 64, 65], ESRD
patients undergoing HD were educated about normal kidney function and renal
failure, demonstration of the dialysis procedure, diet and fluid, hygiene, essential
needed care, and renal replacement options. However, only a few studies included
information about potential problem-solving skills, individual stress management,
adaptive responses, such as muscle relaxation [61, 62] and emotion-focused coping
strategies [64].

3.3 Relaxation techniques

Patients with ESRD who receive HD can benefit from relaxation techniques.
Psychological interventions based on relaxation promote self-regulation, emotional,
cognitive, and behavioral flexibility among ESRD patients receiving HD [32].
Moreover, literature illustrates that relaxation technique can improve sleep quality
[66-68], activity level [69], adherence to HD and other biomedical markers [70] and
reduces pain [71, 72], fatigue [73], depression [74], and anxiety [75] among patients’
receiving HD.

Relaxation techniques, including Benson’s relaxation technique [66, 67, 69, 70, 72, 74],
progressive muscle relaxation [71, 75, 76], and music relaxation therapy [77], can help
ESRD patients undergoing HD. These techniques can be used in combination with
other relaxation techniques, for instance, Benson relaxation with progressive muscle
relaxation [78] and music therapy [79]. Aerobic exercise with relaxation techniques
can improve the psychological health of ESRD patients undergoing HD [80].
However, relaxation techniques were suggested to use consistently for longer time,
for example, one month among hemodialysis patients [81]. Relaxation techniques
can effectively reduce psychological symptoms and improve the quality of life among
elderly ESRD patients receiving HD. Hence, it is recommended to use these relaxation
techniques in hospitals or HD centers [67].

3.4 Peer support

Peer-to-peer support improves the quality of life [82], self-management [83], hope
[84], and mental health [85, 86] of the HD patients undergoing. Moreover, physi-
cal outcomes among HD patients receiving were also reported due to peer support
[87]. Patient’s “real knowledge” can be more beneficial to other patients undergoing
hemodialysis if they share it with other fellow patients [83].

Peer to support benefits both; mentors and mentees in terms of knowledge,
self-efficacy, and social support [88]. However, mentors should be trained prior to
peer-to-peer mentoring about kidney disease, active listening, communication skills,
privacy, and confidentiality [88]. Peer support sessions can also be moderators with
the help of facilitators [84]. Generally, patients’ can be benefited from informational,
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spiritual, instrumental, and emotional support from their fellow patients undergoing
maintenance hemodialysis [84]. Moreover, peer support groups promoting self-
transcendence were found to improve physical health status and quality of life among
HD patients [37].

Peer support for ESRD patients undergoing HD can be done face-to-face or
remote. However, HD patients prefer face-to-face peer support instead of remote
telephonic peer support [89]. Online peer support was found effective for adolescents
[90] and pediatric HD patients [91]. In a study [83], peer support programs were
suggested to introduced in the early phase of HD to ESRD patients. Early support
from their peers can help them manage their problems and themselves. Although peer
support is found effective in improving physical health and psychological well-being,
it is not taken advantage of this psychological intervention [92].

3.5 Spiritual practices

ESRD undergoing HD who use their religious beliefs and practices to cope with
their lifelong survival treatment are less likely to experience psychological problems
[23, 93, 94]. Spiritual therapy was effectively used with patients’ receiving HD to
improve their well-being [95], lifestyle [96], hope [97], resilience [98], and reducing
their stress, anxiety, depression [99, 100].

In cases of HD, spiritual therapy proved especially effective since HD patients’
lifestyle changes have affected their quality of life and researchers found that spiritual-
ity improves quality of life [101, 102]. In this context, spiritual interventions became
increasingly important for HD patients [103]. Through religious practices, reading
religious books, listening to spiritual music, and changing perspectives, spiritual
therapy promotes optimism, hope, gratitude, contemplation, patience, raising
awareness, and addressing problems through religious beliefs [91, 95, 99, 104, 105].
Further, Hosseini, Naseri-Salahshour [106] found that HD-related fear of death can
be addressed through religious counseling. Therefore, spiritual therapy should be
utilized as a complement to health care to increase treatment effectiveness [99].

3.6 Tech-based psychological intervention

Digital technologies (e.g., websites, applications, VR, and telephone) have
been increasingly incorporated to optimize HD patients’ quality of life. The use of
technology-based psychological interventions is accepted, feasible, and needs mini-
mum additional resources to address the mental health of patients on maintenance
HD [107]. With the help of technology, it is possible to manage depression, anxiety,
fatigue, self-efficacy, and self-management among patients receiving HD [108].

Psychological interventions with the help of digital technologies were tested in
various forms with ESRD patients undergoing HD. The use of internet-based positive
psychological interventions is an effective therapeutic option for HD patients with
depression [109]. Internet-delivered CBT can reduce depression and anxiety among
HD patients [110]. Further, therapist-guided Internet-based cognitive-behavioral
therapy interventions address the problems associated with HD patients’ experi-
ence [111]. Video-based ACT can also help HD patients to cope with the challenges
associated with HD [112]. App-based self-management intervention can potentially
improve the self-efficacy and basic psychological needs of elderly HD patients [113].
Additionally, immersed virtual reality during HD proved to be an active detraction
and has the potential to address dialysis-related problems [114].
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On the other hand, in tablet-based educational and motivational interviewing
interventions when used with patients during HD, certain problems were reported in
the user interface [115]. Similarly, HD patients with depression seem not to benefit
from guided internet-based self-help problem-solving therapy [116]. In a systematic
review, Marin and Redolat [108], the majority of the tech-based psychological inter-
vention studies focused on psychological symptoms associated with HD, and there is
a scarcity of literature aiming to target the cognitive functioning of patients’ receiving
HD. Hence, there is a need to carefully design the content and approachability of the
psychological intervention of HD patients.

4, Conclusion

Psychological intervention in several forms also positively changes the HD
experience for ESRD patients. Social activity, for instance, participating in the-
ater play reduces depression and improves self-esteem among HD patients [117].
Motivational interviewing can improve the well-being of ESRD patients undergoing
HD [32]. Counseling of ESRD patients undergoing HD can improve their quality
of life [118]. Guided imagery has the potential to influence the psychological and
physical health of hemodialysis patients [119]. These non-pharmacological psy-
chological interventions are extremely important and should be part of the health
care for ESRD patients undergoing HD [15] because HD is not merely a treatment
procedure for ESRD it actually leads to the major lifestyle change that challenges
patients’ mental health [19].
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Chapter 10

Shared Decision-Making for
Choosing Renal Replacement

Therapy

Mansour Ghafourifard

Abstract

Chronic kidney disease is common worldwide, and the number of patients with
end-stage kidney disease (ESKD) is expected to rise over the next decade. These
patients must select one of the three main treatments available to them: conserva-
tive care, dialysis (hemodialysis or peritoneal dialysis), and kidney transplantation.
Hemodialysis can occur in a dialysis center (in-center dialysis) or in a person’s
home (home dialysis). The international guidelines support the approach of shared
decision-making (SDM) for selecting renal replacement therapy. In this approach,
patients and healthcare providers collaborate to make medical decisions that incor-
porate the patient’s values and preferences in conjunction with the best evidence.
However, in some clinical practice, patients feel that they do not receive the full
knowledge of all available options or that the selection of certain treatment is not
well reasoned. In this chapter, the application of SDM for the selection of renal
replacement therapies will be discussed in detail.

Keywords: end-stage kidney disease (ESKD), chronic kidney disease (CKD),
renal replacement therapy, shared decision-making, dialysis, kidney replacement

1. Introduction

Chronic kidney disease as a long-term condition is a common chronic disease
characterized by progressive and irreversible damage and loss of the function of
kidneys and often leads to end-stage kidney disease (ESKD) [1, 2]. The prevalence of
ESKD continues to increase globally [3, 4]. In 2010, there were 2.62 million patients
with ESKD worldwide receiving renal replacement therapies, and the number of
people needed for dialysis was projected to double by 2030 [5]. Moreover, it has been
predicted that chronic kidney disease will be the fifth leading cause of mortality by
2040 [6]. Chronic kidney disease has a major global economic impact and influence
on global health and quality of life of patients and their family [7].

185 IntechOpen



Updates on Renal Replacement Therapy

2. Shared decision-making

When there are numerous treatment options in the healthcare systems, health-
care professionals should involve patients and their families in the process of
decision-making on their care so that they can select care that meets their prefer-
ences and value needs and reflects what is important to them. This process is called
shared decision-making [8]. Shared decision-making (SDM) is defined as a process
in which patients, their family, and healthcare professionals try to collaborate with
each other to choose the best treatment option for patients [9]. SDM engage patients
and their families in the process of decision-making about diagnosis, treatment, or
follow-up when more than one medically reasonable option is available [10, 11]. In
fact, SDM is made by knowing and understanding the best available evidence on
the benefits, harms, risks, and effectiveness of all available options; considering the
patient’s personal preferences and values; and mutually agreeing upon the course of
care [8].

SDM is based on the notion that healthcare professionals are the expert persons
on the evidence of medical and patients are the experts on what matters most to
them [12].

In a systematic review by Makoul & Clayman [13], 161 definitions were found for
SDM. They summarized the main elements of SDM in an integrative model of SDM.
The model showed nine crucial elements and features that can be used in a variety
of healthcare settings. Healthcare professionals could use these SDM-related specific
behaviors during consultations with patients and families:

* Explain and define the patient’s diagnosis, treatment, or follow-up process
* Present all available options

* Discuss the pros and cons of all available options (risks, benefits, costs)

* Identify patient preferences and values

* Discuss patient skills, abilities, and self-efficacy

* Provide full knowledge of what is known and provide the necessary
recommendations

* Clarify and evaluate the patient’s understanding
* Make a decision or defer decision-making
* Organize the follow-up.

In many healthcare encounters, the notion that only healthcare providers could
access evidence is no longer accepted. As a substitute, shared decision-making
assumes that both the healthcare professional and patient require access to informa-
tion about the evidence for providing a decision. Thus, considering and respecting

both the healthcare professional’s recommendations and the patient’s preferences is
necessary for providing an effective SDM [8].
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2.1 Outcomes of shared decision-making

Shared decision-making (SDM) has many positive outcomes for patients and
families. A systematic review showed that SDM was most likely related to affective-
cognitive patient outcomes (54%), compared with 25% of health outcomes and 37%
of behavioral outcomes [14].

Shared decision-making (SDM) is considered an essential factor of safe and effec-
tive healthcare when there are available options to patients. Moreover, SDM is in line
with the notion of “No decision about me without me” and supports patient-centered
healthcare [15].

2.2 The steps of shared decision-making

Although there are some models for SDM, the following simple steps proposed by
Stiggelbout et al. [10] could be understood easily:

Step 1. The healthcare professional should inform the patients and their families
that a decision is to be made, and it is important to consider the patient’s view.

Step 2. All the available choices should be explained by healthcare professionals.
Moreover, they should clarify the pros and cons of each option.

Step 3. Both the patient and healthcare professional discuss the patient’s values and
preferences; the professional try to support the patient in the discussion.

Step 4. Both the patient and healthcare professional discuss the patient’s deci-
sional role preference, make the decision or defer it, and discuss possible follow-up
plans.

3. Conservative care

Conservative care for kidney disease means that the healthcare professionals
continue the care without performing dialysis or kidney transplantation. The aim of
conservative care is to improve the patient’s quality of life, manage the symptoms, and
preserve kidney function for as long as possible [1, 16].

4. Renal replacement therapies (RRTs)

Equity of access to renal replacement therapy (RRT) varies between countries based
on rationing and finance. Renal replacement therapy (RRT) is a therapy for patients
with kidney failure that replaces kidney function (i.e., blood filtration, electrolyte
homeostasis, fluid regulation, toxin removal/secretion, and filtrate transport and drain-
age). Currently available RRT approaches include dialysis and kidney transplantation.

4.1 Dialysis

Dialysis options include hemodialysis (HD), which can either be done at
home (HHD) or in-center (ICHD), or peritoneal dialysis (PD). There are two
types of PD including Continuous Ambulatory Peritoneal Dialysis (CAPD) or
Automated Peritoneal Dialysis (APD). In CAPD method, the schedule of dialysis
fluid exchanges is done by hand. However, in the APD method, a machine called
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“cycler” is used to empty and fill the peritoneal cavity three to five times during the
night [3, 16, 17].

4.2 Kidney transplantation

Kidney transplantation is the most effective and preferred form of renal
replacement therapy which has a significant survival benefit compared with other
renal replacement therapies. Using a kidney transplantation procedure, a new healthy
donor kidney is placed in the patient’s body. It can offer a longer and more active life
for patients with kidney failure. Moreover, there are fewer limitations on diet and fluid
intake. However, patients should take immunosuppressant or anti-rejection medicines
as long as the new kidney works to keep the immune system less active [18].

5. Shared decision-making in patients with chronic kidney disease

SDM in nephrology settings is a challenging issue because of the complexity of
chronic kidney disease and the preference-sensitive choice to be made [19]. When
chronic kidney disease progresses toward end-stage kidney disease (ESKD), patients
need to make decisions for different renal replacement therapies to be survived [1].
They must continue receiving one of the RRT treatments for the rest of their lives.
Therefore, it is important for patients to select the treatment option that is the most
suitable and acceptable treatment based on the preference and values of patients [20].

To help patients for making timely treatment modality decisions, international
guidelines in nephrology suggest shared decision-making (SDM), where the treatment
is selected based on patient’s values and preferences [21]. SDM in nephrology engage
the patients in decisions that best suit patients’ preferences and their living and medi-
cal situations [22]. In the SDM process for renal replacement therapies, both health-
care providers and patients choose the best treatment option together after assessing
the evidence and discussing the pros and cons of all available options (including
kidney transplantation, hemodialysis, and peritoneal dialysis), individual preferences,
and the circumstances of the patient. During the SDM process, outcomes from weigh-
ing the clinical guidelines are weighed against personal beliefs and preferences [22].

5.1 Shared decision-making for the selection of renal replacement therapies

Patients suffering from advanced chronic kidney disease should make complex
decisions for selection of all possible renal replacement therapies [1]. Each option
of RRT could impact their everyday life. The selection of RRT is a usual situation for
‘informed shared decision-making’ (iSDM). Van Dulmen et al. [23] proposed four
essential elements for iSDM in RRT: (a) at least two persons are engaged in decisions,
(b) both share information according to the evidence-based care, and (c) building an
agreement on the preferred choice, and where (d) a consensus is made on the treat-
ment option with joint responsibility.

5.2 Time of shared decision-making for selection of RRT

Because kidney function of patients with chronic kidney disease usually declines
progressively, the healthcare providers especially the nephrologists and nurses have
multiple opportunities to discuss all available options of renal replacement therapy.
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There are when shared decision-making for a patient with CKD is important at
least three times: when the patient enters stage 4 (estimated glomerular filtration
rate [eGFR] < 30 ml/min/1.73 m”), when the patient is going to start RRT in the near
time (eGFR <15 ml/min/1.73 m?), or when the healthcare provider find no evidence
that further treatment will prolong life (age > 75 years and multiple comorbidities,
or eGFR <5 ml/min/1.73 m®). In this stage, a nephrologist should discuss all available
options for renal replacement therapy with the patient and family and support the
patient in the selection of a suitable lifesaving treatment based on the patient’s prefer-
ences and the best evidence [24].

6. Outcomes of shared decision-making for selection of RRT

According to the literature review, SDM is considered an important factor for posi-
tive patient-centered outcomes. Successful SDM could increase patients’ adherence and
compliance, their satisfaction, as well as the promotion of awareness about the disease.
Moreover, SDM can decrease the cost of treatments and reduce the symptoms [25].

A study in Germany conducted by Robinski et al. showed that successful shared
decision-making is one of the main factors increasing the satisfaction of dialysis
patients on long-term treatment [26].

Patients with ESKD need to be assisted and encouraged to choose the most suit-
able renal replacement therapy in an active manner proactively rather than being
passive and relying on healthcare professionals’ decisions. Patients’ participation in
the decisions could improve the patients’ empowerment and autonomy in making
treatment decisions [27].

During the SDM process, healthcare professionals provide information and
evidence regarding different types of treatments, whereas the patients express their
own preferences and opinions. The exchange of this information could help to ensure
that patients and their families understand the appropriate information, thereby it
reduces decision conflicts [28]. Moreover, receiving support during the effective SDM
increases patients’ self-efficacy [20]. Moreover, it has also been reported that SDM
can optimize decisional outcomes, improve treatment compliance, reduce anxiety,
and lower demand for healthcare resources [29].

7. Strategies for improving SDM in the choice of renal replacement therapy

Patients with CKD have numerous sources of information which could help them
to make an informed decision. The nephrologists, due to their medical competence,
could play a main role in providing medical advice. Moreover, Nurses can play a
crucial role in explaining the available choices of RRT in and in providing emotional
support for them. Patient’s family members could be engaged in decoctions and
providing support [23].

In a recent study, Stoye et al. [23] conducted a study to explore nurses’ and
nephrologists’ perceptions of their participation in shared decision-making for
selecting renal replacement therapy. The results showed that due to the high disease
burden on patients life, shared decision-making for the selection of renal replacement
therapy is mostly difficult issue. Providing full education and training for patients
and the consistent participation of nursing staff and peer education facilitated the
SDM process [23].
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Although nephrologists and nursing professionals are professional experts, family
members of patients and peers are considered experts by virtue of their experience
[30]. Structured peer mentoring programs or peer counseling could help patients to
select a desired option.

Shifting the paradigm of medicine from a predominant biomedical and technical
orientation to a person-centered orientation of SDM might improve decision-making
practices [31].

8. Conclusion

Collaboration of healthcare providers and patients with kidney disease as a team
in the shared decision-making process increases the patient’s capacity to develop
person-centered care and effective life plan that not only improves patients’ survival
but also prepares them for end-of-life care. This collaborative approach can improve
the quality of care for all patients who suffer from CKD. However, a shared decision-
making process should be developed in each country based on the heath care policies,
resources, and facilities to engage patients and their families in the decision for the
selection of kidney replacement therapies (KRTs).
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Health Economics of Renal
Replacement Therapy

Tomoyuki Takura, Naotsugu Ichimaru and Atushi Aikawa

Abstract

The medical treatment of renal failure is increasingly being discussed in terms
of medical economics against the background of disease mechanisms, treatment
techniques, and related systems. Particularly, renal replacement therapy requires
considerable medical resources and results in high medical costs; therefore, the
interest in medical economics is increasing worldwide. This article discusses the
cost-effectiveness of renal replacement therapy using macro- and micro-analyses.
Based on the macroscopic analysis of international comparisons of renal replacement
therapy systems based on medical expenses per patient with end-stage renal disease
and a one-year mortality rate, Japan performed better than other developed coun-
tries. A clinical economic study of renal replacement therapy is significant because
it quantitatively demonstrates the socioeconomic value of life-saving and health
benefits (Hemodialysis: approximately 6.5 million JPY/Qaly). In other words, even
with high annual medical expenses and a heavy financial burden, the level of medical
fees is appropriate from the perspective of the public’s value judgment. A micro-
analysis comparing the cost-effectiveness of marginal and standard donors revealed
no statistically significant difference in their cumulative medical costs per long-term
life expectancy. Thus, evidence and decision-making related to medical economics are
required for the sustainable development of the medical system for end-stage renal
disease.

Keywords: health economy, medical innovation, cost-effectiveness analysis,
renal replacement therapy, kidney transplantation, marginal donor, universal health
coverage, international comparison

1. Introduction

The estimated worldwide prevalence of chronic kidney disease (CKD) in 2017 was
9.1%, an increase of 29.3% since 1990 [1]. In Japan, the number of patients with CKD
is increasing annually, with one in eight adults estimated to have CKD. Under these
circumstances, the medical economics of renal replacement therapy for patients with
end-stage renal disease (ESRD) are attracting global attention against the backdrop of
medical system sustainability. Based on these trends, this paper discusses the medi-
cal economics of renal replacement therapy by combining theories of medical value
assessment and clinical economic studies. These findings are presumed to contribute
to the further development of CKD treatment.
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2. Socio-economy and medical innovation

In general, since economic trends and the rate of the aging population affect the
balance of social security payments that support medical care, recent circumstances
have increased the severity of socioeconomic trends surrounding medical care, lead-
ing to discussions on increasing the national burden and improving productivity [2].
For example, medical expenditures in the areas of coronary and kidney diseases are
growing faster than the gross domestic product (GDP) in Japan [3]. Against this back-
ground, the insurance premiums borne by beneficiaries cover only approximately
half of the financial structure of the universal health insurance system, and public
funds (compensation from general revenue sources with a debt of approximately
30%), which are widely borne by the public, account for nearly 40%.

When discussing health policy as a system, this situation (social income-expenditure
imbalance) is regarded as one of the uncertainties concerning a stable supply of
medical services in the future.

In other words, social security debt is problematic because whether it can be
regarded as an “investment” that can be expected to increase social added value
(return) is unclear. However, since the field of pediatric medicine targets the group
that will become the working population in the future, it is relatively easy to discuss
“investment and recovery” based on the above-mentioned perspective. Additionally,
in the field of medical care for older adults, the socioeconomic added value can be
discussed while creating new medical innovations and building social models that are
beneficial for everyone. We hope that these perspectives will be discussed further in
the future.

In recent years, themes related to the sustainability of systems and social har-
mony in the medical field have been emphasized, and concepts such as Sustainable
Development Goals (SDGs) and Appropriate Use Criteria (AUC) have been intro-
duced. Hence, even with the further development of artificial organs and transplanta-
tion medicine, socioeconomic perspectives are becoming increasingly significant.
Therefore, it is important to realize the economic added value of these medical treat-
ments and share them with the stakeholders. Particularly, it should be reaffirmed that
arobust universal health insurance system is necessary to encourage related research
and development [4].

For example, an analysis aimed at clarifying the preliminary interactions between
Universal Health Coverage (UHC) and medical innovations regarding the security
and continued progress of medical services showed that UHC levels and medi-
cal innovations (drug discovery) were positively correlated (r = 0.629, R’ = 0.395,

p < 0.05; Figure 1) through the health economic mechanism (value chain).

This study conducted a correlation analysis using statistical data from 11 countries
(World Bank and the Japanese government) on the relationship between UHC indica-
tors and medical innovations. The UHC index was converted into an integral value of
the UHC index (0-100 score) and the total population (in millions) while consider-
ing the contribution of each level to the population. Focusing on drug discovery as
a major aspect of medical innovation, we selected the share of the top 100 ethical
drugs worldwide according to the country of origin. Pearson’s correlation coefficient
was used for the correlation analysis. The statistical significance level was set at 5%.
Notably, this figure is represented by a logarithmic transformation.

A country’s UHC level is generally affected by its real economy (e.g., GDP)
(Table 1) [5]. Particularly, the impact of fluctuations in public medical costs is
significant. Additionally, the ratio of medical expenses per capita is considered to
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(Data 1) WorldBank.org 2019 survey data, WorldBank
(Data 2) Pharmaceutical Industry Vision 2021 Materials, MHLW (Japan)
(Data 3) World Population 2022 Statistics, UNFPA

Figure 1.
An international comparison of correlations between medical innovation (drug discovery ability) and UHC
levels.

UHC Index of Service Partial Standardized S.E. p-value 95% CI
Coverage (SCI) Regression Partial

Coefficient Regression

Coefficient

Population (total: million 0.0049 0.1921 0.0012 0.0001 0.0025-0.0074
people)
GDP per capita (current 0.0017 1.6129 0.0002 <0.001 0.0013-0.0021
USD)
Health expenditure (% of 2.3481 04116 1.5748 0.136 —0.7386-5.4347
GDP)
Government health 14511 0.6575 0.2804 <0.001 0.9015-2.0006

expenditures (% of general
government expenditures)

Unemployment rate (%: —1.4764 -0.2253 0.7105 0.0377 —2.8689—-0.0838
ratio of unemployed

persons)

Poverty rate (%: poverty gap) -1.6736 —-0.2303 0.4674 0.0003 —2.5897--0.7575

Model: R? = 0.991, F test: p < 0.001.
GDE, gross domestic product; UHC, universal health coverage; SCI, service coverage index; S.E., standard error; CI,
confidence interval.

Table1.
Panel data analysis of the impact of the economic level (GDB, health expenditure, unemployment, and poverty)
on the UHC level (SCI). (source: Ref. [5]).
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Promoting research and development
of advanced medicine

Health Industrial Overseas expansion
improvement activity » of value

Real economy growth

Contribution to medical
insurance finance

« Domestic capture of
demand

Figure 2.
Progress mechanisms of healthcare and socioeconomic factors associated with medical innovation: Value chain,
including UHC. (source: Ref. [4] ).

affect the spread of innovative medical technologies that have been developed [5].
Thus, economic growth is important for promoting medical innovation. Therefore,
sustainable and equitable capital investment in medical care (i.e., the improvement
of UHC) is crucial. Furthermore, the active expansion of public medical resources is
essential to enhance the synergistic effect between medical innovation and UHC. In
future, these factors should be systematically discussed as value chains (Figure 2).

3. Life-saving value and cost-effectiveness

In the discussion on medical value that advocates the real-world economy, it is
generally possible, albeit limited, to evaluate the value of medical services by applying
cost-effectiveness analysis and marginal utility theory. The main theories are outlined
below. Usually, in microeconomics, the efficiency of service provision is maximized
through price convergence based on the supply and demand equilibrium, backed by
the fundamental utility theory [6]. Additionally, the prices at which the supply and
demand are in equilibrium represent this value.

On the other hand, in the medical field that has a high public interest, the perspec-
tive of equity (balance of well-being) is considered along with efficiency. It is neces-
sary to discuss the value of public interest while considering the harmony between
the patient’s medical care requests (preferences and willingness to pay) and the
government’s medical finances (income redistribution and fiscal balance). Therefore,
the value of medical care should be examined in terms of the balance between utility
(health outcomes) and costs (resource consumption) per health program unit, while
interweaving the relationship between individuals and society against the back-
ground of welfare economics (Figure 3) [7].

Consequently, when utility is maximized within a certain budget range, the higher
the performance, the greater the utility of the group as a whole and the higher the
“value” of stakeholders. Compared with other conceptual discussions, this approach
to value assessment in medical care is relatively consistent with the values of the real
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Figure 3.
The concept of medical valuation (application of the utility theory and cost-effectiveness). (source: Ref. [7]).

economy and daily life (national consensus) (e.g., approximately 6 million yen per
quality-adjusted life year [Qaly]). Therefore, it is suitable to examine the value of
medical services in the public sector [8].

For example, a Japanese report assessed the value of renal replacement therapy
(hemodialysis, HD) for ESRD, whose annual medical expenses are approxi-
mately 5 million JPY and the financial burden is approximately 1.6 trillion JPY
(Figure 4) [9, 10]. This study is significant because it quantitatively demonstrates the
socioeconomic value of life-saving and health (HD: approximately 6.5 million JPY/
Qaly). In other words, even with high annual medical expenses and a heavy financial
burden, the level of medical fees is appropriate from the perspective of the public’s
value judgment. This is further supported by the macro analysis based on the interna-
tional comparison shown below.

In the previous section, it was stated that an increase in public medical expenses
is necessary to promote innovative treatment technologies and improve treatment
outcomes. The next point of contention is whether the amount of medical resource
consumption is appropriate to improve medical outcomes. Part of the answer to this
question derives from cost-effectiveness. For example, ESRD treatment costs and
public healthcare budget were positively correlated (Figure 5). Based on this, whena
macro cost-effectiveness analysis was performed on the annual total medical expenses
and one-year life prognosis of ESRD, Japan had the best performance compared
to other countries (Figure 6). Thus, renal replacement therapy in Japan is highly
valuable to the general public.

Since the medical insurance system that advocates UHC includes a stable sup-
ply as one part of the system, its sustainable development is considered as the most
significant medical value to the public. Although there may be variations in the
national culture and disease characteristics, it can be inferred that saving lives is the
most common value. It is essential to remember that lifesaving not only results in
opportunities for other medical interventions (opportunities for disease improve-
ment) but also provides assurance of the quality of life (QOL) in the long run, which
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Cost-effectiveness of dialysis intervention (artificial kidney): Hemodialysis versus peritoneal dialysis. (source: Ref. [9]).
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Figure 6.
An international comparison of the cost-effectiveness of the clinical system for end-stage renal disease (ESRD).
(note) U.S., United States. Data source: Refs. [11, 13].

is of considerable significance in due course. Therefore, the potential value of renal
replacement therapy (HD) is significant.

However, the assessment of medical value involves stakeholders’ interests and
is affected by the application of subjective outcomes and the macro real economy.
Therefore, there are some restrictions on its use, along with difficulties in data
analysis and direct recognition. However, against the background of tight medical
finances and progress in innovation, cost-effectiveness analysis, which is a part of
health technology assessment (HTA), is being actively introduced globally. Based on
this trend, medical value assessments are expected to increase.

4. Cost-effectiveness of renal replacement therapy

Although the disease and economic burden associated with kidney diseases are
increasing worldwide, there have been few international reports evaluating the
cost-effectiveness of renal replacement therapy in recent years. Several recent reports
have systematically reviewed the cost-effectiveness of dialysis. This section briefly
introduces the contents of this study and discusses a research report on the cost-
effectiveness evaluation of renal replacement therapy in Japan.

The main report [14] conducted a systematic review of the costs and health
outcomes of dialysis modalities between January 2000 and December 2017. The
survey sources included the MEDLINE, National Health Service Economic Evaluation
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Database, Health Technology Assessment Database from the Center of Reviews and
Dissemination, Cochrane Library, and Econlit. They identified 16 health economic
evaluation reports that compared dialysis modalities from both high- and low-income
countries. Two similar review papers have also been published [15, 16].

These studies examined the cost and health outcomes of multiple dialysis
modalities and reported average cost-effectiveness rather than incremental cost-
effectiveness (ICER). Nearly all evaluations suggest that home dialysis is less costly
and provides similar or better health outcomes than institutional dialysis, which is the

Author (year)

ICER/main results

Authors’ conclusions

Moradpour et al. (2020)

PD was dominant over HD; ICER for KT vs.
PD: $1446/Qaly.

KT is cost-effective compared
with PD at a WTP threshold
of $12,400, and HD was
dominated.

Rosselli et al. (2015)

KT was a cost-effective alternative from
the second year and became the dominant
alternative after the fourth year.

KT improves the overall
survival rates and quality of life
and is a cost-saving alternative
compared with dialysis.

Jensen et al. (2014)

KT holds a dominant position over dialysis
with both lower costs (810,516 DKK versus
1,032,934 DKK) and higher effects (4.4
Qaly versus 1.7 Qaly).

KT was the dominant treatment
when compared with dialysis.

Shimizu et al. (2012)

Base scenario (current composition

of KRT) was dominated by Scenario 2
(likelihood of a preemptive LT increased
by 2.4 times), Scenario 3 (likelihood of a
LT increased by 2.4 times), and Scenario 4
(likelihood of a DT increased by 22 times).

The ICER of Scenario 1 (likelihood of
starting with PD increased by 2.3 times)
over Base scenario was $5458/ Qaly.

Increased rate of KT and PD
can reduce costs and improve
health outcomes.

Villa et al. (2012)

Scenario 1 (57% of scheduled incident
patients on any RRT modality) was
dominated by all the proposed scenarios:
Scenario 2 (increased proportion of overall
scheduled incident patient to 75% from
57%), Scenario 3 (increased proportion

of scheduled patients on PD to 30% from
10%) and Scenario 4 (combined scenarios
2 and 3)

An increase in the overall
scheduled incidence of KRT on
PD should be promoted.

Haller et al. (2011)

Scenario 1 (current policy of assigning
90.6% of incident ESKD patients to HD,
7.2% to PD, 0.1% to LT, and 2.1% to DT)
was dominated by Scenario 2 (increasing
PD to 20%), and Scenario 3 (increasing PD
to 20% and increasing KT to 10%)

KT and PD are more cost-
effective than HD.

NR, not reported; QALY, quality-adjusted life year; ESKD, end-stage kidney disease; KRT, kidney replacement therapy;
HD, hemodialysis; PD, peritoneal dialysis; CAPD, continuous ambulatory peritoneal dialysis; KT, kidney transplantation;
LT, living-donor transplantation; DT, deceased-donor transplantation; ICER, incremental cost-effectiveness ratio; SA,
sensitivity analysis; PAS, probabilistic sensitivity analysis; WTDB willingness-to-pay.

Table 2.

Example of the cost-effectiveness of renal replacement therapy: A systematic review. (source: Ref. [14]).
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mainstay intervention. Therefore, home dialysis, which includes both hemodialysis
(HD) and peritoneal dialysis (PD), is generally more cost-effective than institutional
dialysis (Table 2). However, there are few reports with high-quality study designs.

In Japan, some studies have preliminarily evaluated the cost-effectiveness of HD,
PD, and kidney transplantation (KT) for renal replacement therapy. The results are
summarized in Table 3. Although both reports were observational studies, and the
level of evidence was not high, it is possible to estimate the level of performance of
renal replacement therapy in Japan. Particularly, the analytical approach was unified
using a cost-utility analysis, which is suitable for mutual comparison of the medical
economics of each modality.

The most cost-effective renal replacement therapy has been PD [9]. The reason
for this is a good quality of life in home care, as found in a previous study. However,
the PD selection rate in Japan is approximately 9%, which is lower than that of other
countries. There are several reasons for this, but the previous paper has discussed the

Renal Kidney transplant Peritoneal Hemodialysis Hemodialysis
replacement dialysis (Online-HD)
therapy
Publication year 2017 2019 2015 2013
Research design Prospective Prospective Prospective Prospective
observational observational observational observational
study, Multicenter study, study, study,
study (Added: Multicenter Multicenter Multicenter study
Model calculation study study
for 3 years)
Number of 25 179 29 24
patients (n)
Observation 12 36 437 dialysis 4
period (months) sessions
(average:
15 months)
Evaluation index Health-related Health-related Health-related Health-related
QOL, Life year, QOL, Life year, QOL, Life year, QOL, Life year,
Medical fee claim Medical fee Medical fee Medical fee claim
(Including donor claim claim

medical expenses)

Result of the
analysis
ICUR (Kidney 66,000 (USD/ 55,019 (USD/ 68,800 (USD/ 65,700 (USD/
death as Qaly; 12 months), Qaly) Qaly) Qaly)
nonintervention) 51,600 (USD/Qaly;

Model calculation

for 3 years)
ICUR (Other 126,034 (USD/
control therapy) Qaly; APD vs.
CAPD)

Reference number 14 9 10 15

(Note) Exchange rates were averages for the publication year or observation period. ICUR, incremental cost-utility ratio.

Table 3.
Japanese veport on the cost-effectiveness of renal replacement therapy.
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socioeconomic significance of “PD first for older adults” based on the characteristics
of bacterial peritonitis, which is one of the reasons for limiting the duration of PD.
Thus, there is a perspective on the sustainability of the medical system in the selection
of renal replacement therapy.

KT is approximately at the same level as PD and tends to be more cost-effective
[17]. Particularly, KT has the best incremental cost-utility ratio (ICUR) for renal
death at 51,600 (USD/Qaly) when converted to medical costs using the exchange rate
of the year of publication. Furthermore, it should be noted that the results of this
study did not reflect the superiority of the treatment mechanism or the cumulative
cost of transplantation medicine because of a short observation period (analysis
period) of 3 years. Thus, it can be inferred that KT outperforms other modalities in
terms of long-term clinical and economic performance.

HD, which accounts for the majority of renal replacement therapy in Japan, has
almost the same results as the cost-effectiveness judgment criteria in the medical
insurance system set by the government authorities, and as described in the previous
section, its socioeconomic usefulness is significant [10]. Additionally, online HD
with improved dialysate quality significantly improves the QOL and function [18].
In Japan, HD is advantageous in terms of facility access and medical management.
Therefore, it is essential to select a therapy suitable for the condition and lifestyle of
each patient to further develop a treatment system for ESRD.

5. Health economics evaluation of marginal donors

As discussed in the previous section, KT, as a therapy for ESRD, is generally
considered economically superior. Therefore, although the widespread use of KT
is desired, a solution to the limitations of therapy selection (e.g., securing a donor)
has long been expected. As the burden of renal failure increases in Japan, the use of
marginal donors in kidney transplantation medicine is expanding. Therefore, based
on the definition of a marginal donor developed in a research project, we introduce
a preliminary report that verifies its medical economic usefulness through a cost-
effectiveness analysis.

This study [19] utilized renal transplant registry data from the Japan Society
for Transplantation and Tokyo University Health Economy Big Data (TheBD). The
evaluation group included marginal donors, while the control group included stan-
dard donors. The eGFR cut-off of 70 mL/min/1.73 m” was used to separate the two.
Clinical results (engraftment rate, mortality rate, etc.) were analyzed from the renal
transplant registry data, and the cost elements (hospitalization and outpatients by
disease) of the medical economic big data were extrapolated to the obtained results.
In the cost-effectiveness analysis, total medical costs (kidney transplantation medical
costs and related disease treatment costs) were used as cost indicators and life-years
(LYs) were used as effect indicators. Survival analysis was performed using the
Kaplan-Meier method and Wilcoxon rank-sum test.

There were 3336 marginal donors and 7960 standard donors (Table 4). There was
no significant difference (p = 0.681) in survival between the two groups (Figure 7).
Regarding cost-effectiveness, the standard donor group tended to be slightly better in
each observation period, but there was no statistically significant difference between
the two (overall:2.59 million JPY/LY/year vs. 2.48 million JPY/LY/year, p = 0.849).
Multiple regression analysis revealed that donor eGFR at transplantation, recipient
age at transplantation, and dialysis duration were statistically significant factors
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Item (parameter) Unit Standard donor Marginal donor p-value
Number of Whole N 7960 3336
samples population
Observation year 4.1 * 24 3.8 * 23 NS
period
Donor type %
Living donor 100.0 100.0
Deceased donor 0.0 0.0
Sex Male ratio
(%)
Recipient 63.6 62.3
Donor 36.0 383
Age year
Recipient 44.7 + 16.0 47.3 * 147 NS
Donor 54.9 + 11.2 61.8 + 8.7 NS
Primary (top 50%) %
disease
IgA nephropathy 16.2 15.6
Diabetic 15.0 14.3
Nephropathy
(NIDDM)
Not clear 178 21.5
Dialysis (recipient prior
history treatment)
Hemo/ % 80.1 78.9
Peritoneal/
Combination
Introduction year 34 + 4.7 34 + 5.0 NS
period
Recipient (at the time of %
comorbidity transplantation:
overlap)
Cardiovascular 83.8 827
complications
Diabetic 12.5 232
complications
Donor test
value
BMI kg/m’ 228 + 98 232 + 90 NS
Blood pressure mmHg 1232 + 14.7 125.6 + 151 NS
(systolic)
Serum creatinine mg/dL 0.64 + 0.12 0.82 + 0.15 <0.05
eGFR mL/ 859 * 12.9 62.2 * 6.7 <0.05
min/1.73m’
Donor %
history
Diabetes 4.8 39
Heart disease 15 2.2

(Note) NIDDM, non-insulin-dependent diabetes mellitus. (Source: Ref. [19])

Table 4.
Composition of the target population.

205



Updates on Renal Replacement Therapy

100% e

80%

60% |

40% |

Patient survival rate (%)

20% |

0%

log-ranktest
p=0.681

—— standard donor

—— marginal donor

T

Figure7.

Observation period (years)

10

15

20

Comparison of survival rates between marginal and standard donor groups (Kaplan-Meier curve).

influencing cost-effectiveness (Table 5). No statistically significant difference was

observed in the analysis in which the conditions for setting the standard donor group

were stricter and the age at transplantation and dialysis history were the same for

both groups (Table 6).

Item Standard partial F-value p-value Standard VIF

regression error

coefficient
d_eGFR at transplantation —-0.033 6.164 <0.05 0.181 1.02
d_Postoperative hospital stay 0.003 0.044 NS 0.559 1.02
d_BMI value 0.002 0.026 NS 0.916 1.05
d_Systolic blood pressure 0.014 1.145 NS 0.189 1.06
d_Diabetes 0.011 0.654 NS 5.288 1.01
r_Age at transplantation 0.031 5.134 <0.05 0.199 1.08
r_Duration of dialysis 0.054 16.375 <0.01 0.587 1.05
r_Diabetes 0.007 0.270 NS 5.976 113
r_Cardiovascular disease 0.020 2.220 NS 3.380 1.06
Constant term 0.131 NS 43.281

Model: p < 0.01.
(Note) d_, donor; r_, recipient.

Table 5.

Factors affecting cost-effectiveness (multiple vegression analysis).
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Item Standard donor Marginal donor p-value
Standard donor’s conditions (cut-off) and Donor eGFR>80 Donor eGFR<70
patient’s background conditions (age, dialysis) Donor age<70 Recipient age: adjusted

Donor complications: History of dialysis introduction:

None adjustment
Donor BMI<25 Pediatric exclusion

Recipient age (years) 444 + 16.5 44.3 + 12.7 NS
History of dialysis introduction (years) 36 + 4.9 33 + 4.7 NS
Donor eGFR (mL/min/1.73m?) 884 + 14.2 62.2 + 6.8 <0.05
Cost-effectiveness (10,000 JPY/LY/year) 199.7 + 1911 215.7 + 453.5 NS

(Note) Units in the table are eGFR: mL/min/1.73m’, age: years old, and BMI: kg/m’.
Supplement: SD notation.

Table 6.
Cost-effectiveness analysis with move detailed conditions for standard donors. (source: Ref. [19]).

The results of this study showed that the survival and cost-effectiveness in the
marginal donor group were not significantly lower than those in the standard donor
group. These results are generally valid in the clinical settings in Japan, where the
practice of marginal donors is expanding while maintaining the clinical results of kid-
ney transplantation. In the future, along with a robust evaluation by non-inferiority
trials, continuous (prospective) verification of long-term results using high-quality
research designs, such as randomized trials, will be essential.

6. Conclusions

This study first explored the relationship between UHC and medical innova-
tions. The results suggested that expansion of the real economy and public invest-
ment is necessary for the progress of the medical system. Next, the method of
explaining the medical and socioeconomic value of lifesaving was explained using
HD research reports as examples. Based on the findings of previous studies, we
highlighted case studies on the cost-effectiveness of renal replacement therapy
and clarified that the performance of KT was generally better than that of other
therapies. Finally, research on the medical economics of marginal donors against
the backdrop of considering measures to promote KT was introduced. In the future,
it will be important to select an appropriate therapy to further increase its clinical
value for patients with ESRD.
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