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Abstract: Hemodialysis (HD) is a life-sustaining membrane-based therapy that is essential for
managing kidney failure. However, it can have significant physical and psychological effects on
patients due to chronic or acute consequences related to membrane bioincompatibility. End-stage
renal disease (ESRD) patients on hemodialysis have a high incidence of psychiatric illness, particularly
depression and anxiety disorders, and poor quality of life has been observed. Dialysis can also lead
to physical symptoms of its own, such as fatigue, loss of appetite, anemia, low blood pressure, and
fluid overload, in addition to the symptoms associated with kidney failure. Therefore, this critical
review aims to comprehensively understand the impact of dialysis membrane bioincompatibility and
the use of varying molecular weight cut-off membranes on the physical and psychological symptoms
experienced by dialysis patients. We analyzed the latest research on the correlation between major
inflammatory biomarkers released in patients’ blood due to membrane incompatibility, as well as the
critical influence of low levels of hemoglobin and vital proteins such as human serum albumin due to
the use of high-cut-off membranes and correlated these factors with the physical and psychological
symptoms experienced by dialysis patients. Furthermore, our study aims to provide valuable insights
into the impact of dialysis on critical symptoms, higher hospitalization rates, and the quality of life of
First Nations, as well as child and youth dialysis patients, in addition to diabetic dialysis patients. Our
goal is to identify potential interventions aiming to optimize the dialysis membrane and minimize its
negative effects on patients, ultimately improving their well-being and long-term outcomes.

Keywords: dialysis patients; psychosocial symptoms; physical symptoms; dialysis membrane;
inflammation; depression

1. Introduction

Hemodialysis (HD) is a life-sustaining extracorporeal blood purifying treatment for
end-stage renal disease (ESRD) patients. However, this membrane-based therapy is asso-
ciated with acute side effects, life-threatening chronic conditions, and unacceptably high
morbidity and mortality rates. Dialysis is linked to many physical symptoms and com-
plications such as infection, thrombosis, and cardiovascular disease [1]. Inflammation is
a common side effect of dialysis and can lead to muscle wasting, fatigue, and weakness
in patients [2]. The accumulation of uremic toxins and presence of biomarkers, including
Interleukin-6 (IL-6), C-reactive protein (CRP), tumor necrosis factor-alpha (TNF-α), and
fibrinogen adsorption to the membrane surface indicate inflammation [3–5]. Anemia and
low serum albumin levels are also prevalent in ESRD patients and may contribute to
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further physical symptoms, including fatigue, weakness, and swelling [6]. Furthermore,
changes in Antithrombin III (ATIII) and Von Willebrand factor (vWF) levels can affect blood
coagulation and increase the risk of thrombosis [7–9].

In addition to physical symptoms, it is well-established in the literature that ESRD
patients have a high prevalence of psychiatric illness, in particular, depression and anx-
iety [10–12]. The high rates of depression and anxiety in ESRD patients may be due to
various psychosocial factors, such as isolation, lack of autonomy, and restricted activity
resulting from rigid management of symptoms and frequent dialysis sessions. Depression
in ESRD patients undergoing hemodialysis is associated with poor quality of life (QOL),
poor treatment adherence, lower odds of transplantation, higher mortality rates, and in-
creased rates of hospitalization [10,13–17]. Some inflammatory biomarkers, including IL-6,
CRP, and serum albumin level, have been associated with depressive symptoms in ESRD
patients [18]. Anemia may also contribute to depression and sleeping disorders in this
population [19]. Further research needs to be conducted to explore how other biomarkers,
such as activation of the complement system (C3a and C5a), ATIII, and vWF, may influence
psychological symptoms in ESRD patients.

High-risk populations encompass individuals who face a greater likelihood of adverse
health outcomes due to various factors such as age, race, and pre-existing conditions.
Racial disparities can impact health outcomes, with individuals from certain racial or
ethnic groups facing a higher risk for specific diseases or complications [20]. Additionally,
individuals with pre-existing conditions such as diabetes, heart disease, or respiratory
disorders may be more susceptible to complications and poorer health outcomes [21,22].

Our in-depth investigation of HD membranes available in Canadian hospitals [23–29]
explored the key reasons behind blood activation and unstable cytokine levels, which were
found to be associated with poor membrane biocompatibility and morphological character-
istics. We highlighted the main reasons related to membrane chemistry and morphology.
Our research group has conducted extensive studies on hemodialysis membrane modifica-
tion to improve its compatibility [30–41]. However, it is crucial to correlate the key factors
of membrane compatibility and its morphological structures with the aim of enhancing the
quality of life of dialysis patients. Therefore, the objective of this critical review is to gain a
comprehensive understanding of the impact of dialysis membrane bioincompatibility and
the clinical practice of using different molecular weight cut-off membranes on the physical
and psychological symptoms experienced by dialysis patients.

2. Challenges of Dialysis Membrane Bioincompatibility and Clinical Practices

Dialysis membrane bioincompatibility poses significant challenges in clinical prac-
tices for patients undergoing hemodialysis. The most common clinical manifestation of
membrane bioincompatibility is chronic inflammation, which is associated with increased
morbidity and mortality in dialysis patients. In addition, the activation of the complement
system and other pathways can lead to adverse reactions such as anemia, hypotension, and
cardiovascular complications.

When blood comes into contact with a foreign surface such as a dialysis membrane
during hemodialysis, a series of events are triggered that can lead to inflammation. One of
the initial events is protein adsorption, where plasma proteins such as fibrinogen, albumin,
and immunoglobulin bind to the surface of the membrane. This binding can initiate
coagulation and thrombotic responses, leading to changes in the behavior of the membrane.

Additionally, complement pathway components, specifically C3a and C5a, can be
triggered by antigen–antibody complexes or bound C-reactive protein (CRP) and bind
to the membrane as presented in Figure 1 [42–44]. This reaction is caused by proinflam-
matory cytokines, such as Interleukin-1β (IL-1β), Tumor necrosis factor-α (TNF-α), and
Interleukin-6 (IL-6), and involves the interaction between different receptors and ligands
on the leukocytes. Activated leukocytes can also release reactive oxygen species (ROS),
which are overproduced in HD patients. This is catalyzed by 5-Lipoxygenase (5-LO),
which leads to ROS formation and the release of lipoxins and leukotrienes. Activation of
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the 5-lipoxygenase pathways has been observed in uremia and HD. Heat shock proteins
(Hsp70) can also play a role in inflammation [45]. Hsp70 can act as molecular chaperones
and cytokines and intervene in antigen processing and presentation. Recent studies have
shown that Hsp70 has high binding capabilities in relation to artificial surfaces, such as
the dialysis membrane. Figure 1 illustrates the primary reactions that occur in blood due
to biomaterial surfaces, with a focus on protein adsorption, cell rupture, complement
system activation, and coagulation pathways. The fibrin network that forms as a result
of coagulation pathway activation is also depicted. Additionally, the figure highlights
the appearance of complement proteins on the biomaterial interface, indicating both the
classical and alternative complement pathways. The eicosanoid biosynthesis pathways
from arachidonic acid are also shown, with the involvement of various coagulation factors,
interleukins, interferons, immunoglobulin G, lipoxygenase, and cyclooxygenase.
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Finally, membrane incompatibility can lead to the accumulation of beta-2 microglobu-
lin (β2M), a protein that belongs to the major histocompatibility class I family. In patients
relying on long-term hemodialysis, higher concentrations of circulating β2M can accu-
mulate into amyloid fibers and cause dialysis-related amyloidosis. Taken together, these
events can lead to inflammation in patients undergoing hemodialysis and may contribute
to long-term complications associated with chronic kidney disease.

Serpins, also known as serine protease inhibitors, play a key role in regulating blood
coagulation. Antithrombin III (ATIII) is a serpin that inhibits the activity of several co-
agulation factors, including thrombin and factor Xa. In dialysis patients, levels of ATIII
can be reduced, potentially leading to an increased risk of thrombosis and other clotting
disorders. The von Willebrand factor (vWF) is a glycoprotein involved in the process of
blood clotting. In dialysis patients, vWF levels can be increased, which can also contribute
to a pro-thrombotic state. Therefore, the levels of both ATIII and vWF can have a significant
impact on blood coagulation and clotting disorders in dialysis patients [46].

Furthermore, one of the major challenges in managing membrane bioincompatibility
is determining the optimal type of membrane for individual patients. There are many
different types of membranes available, each with its own advantages and disadvantages.
For example, high-flux membranes can lead to an increase in the removal of red blood cells
during dialysis due to their larger pore size and greater permeability. This can exacerbate
anemia in patients with pre-existing anemia or lead to anemia in patients with normal
blood cell counts. In some cases, a reduction in the dose of anticoagulants or a switch to a
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different type of membrane may be necessary to minimize the risk of anemia. High-flux
membranes can also lead to a greater loss of albumin during dialysis due to their greater
permeability [47–49]. Albumin is an important protein that helps to maintain blood volume
and blood pressure and a loss of albumin can lead to fluid shifts and hypotension. On the
other hand, low-flux membranes have smaller pore sizes and lower permeability, which
may reduce the risk of inflammation and other adverse reactions but may not be as effective
at removing toxins. Furthermore, high-cut-off membranes have an average pore size near
100 nm, which is twice bigger in comparison with high-flux membranes, which leads to
further complications related to hemoglobin and albumin loss [48].

3. Influence of Dialysis on Psychosocial Symptoms
3.1. Overview of Psychosocial Symptoms of ESRD Patients

Patients undergoing hemodialysis treatment face many psychological problems. The
etiology of depression in hemodialysis patients involves multifactorial mechanisms; from a
biological standpoint, dialysis may result in the loss of serum vital proteins, iron deficiency
anemia, increased cytokine levels, inflammation, and neurotransmitters affected by uremia,
which can greatly influence depressive symptoms [12,50–52]. However, there are also
varying psychosocial factors that may contribute to a patient’s symptomology including
uncertainty surrounding losing employment, financial instability, debt, lack of health
insurance, and worry over familial duties [53]. Hence, it is important for healthcare
providers to view each patient as a unique individual who requires a holistic approach
to care. There is no single solution to depression in ESRD patients and more empathy
for the environmental stressors faced by patients undergoing hemodialysis would allow
for potentially different routes for the treatment of psychological symptoms. Rather than
focusing on medical intervention alone, strong social support is an important resource to
alleviate depressive symptoms in hemodialysis patients [53].

Since hemodialysis allows patients to survive but does not cure ESRD, it is necessary
to use it as a lifelong treatment; as a result, it requires a large lifestyle adjustment that
may have a significant negative impact on patients’ mental and physical well-being [51].
A typical patient requires three dialysis sessions per week, each taking 4–5 h, which
requires patients to restructure their routines to revolve around a rigid schedule of dialysis
sessions. Therefore, hemodialysis poses a significant burden on patients and their families,
as treatment must become a central part of their lives. Furthermore, dialysis patients
should follow dietary restrictions in addition to other physical limitations caused by the
disease [14].

Common psychological symptoms observed in patients undergoing hemodialysis
include depression, anxiety, fatigue, decreased QOL, and increased suicide risk [10]. The
high prevalence rate of depression among hemodialysis patients is a major concern; be-
tween 20–40% of adults on hemodialysis have depression [11]. Feelings of hopelessness,
perceived loss of control and independence, job loss, changes to family and social relation-
ships, and fear of death can have psychological consequences on hemodialysis patients [12].
Depressive symptoms may be exacerbated in patients with comorbid physical diseases and
those who are struggling with unemployment [10].

Depression correlates to various health outcomes in hemodialysis patients, including
poor QOL, poor treatment adherence, lower odds of transplantation, and higher mortality
rates [10,14–17,54,55]. Furthermore, depression in hemodialysis patients is associated with
higher rates of hospital admissions, longer hospital stays, and more frequent emergency
department visits [2,56,57]. Although depression screening is increasingly recognized as an
important component of care for hemodialysis patients, anxiety symptoms are still largely
neglected [12]. However, hemodialysis patients also demonstrate high rates of anxiety,
with an estimated prevalence of between 12–52% [58]. Uncertainty about the future,
the possibility of their health condition deteriorating, job loss, and fear of losing control
over one’s life are psychosocial factors that may be a source of anxiety for patients [12].
Anxiety among hemodialysis patients, like depression, is associated with lower QOL [14,59].
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Therefore, identifying and treating psychological symptoms in hemodialysis patients is
essential to improving their chances of survival, quality of life, and health outcomes.

In addition to poorer health outcomes, suicide is a serious consequence observed in
hemodialysis patients suffering from psychological problems. Patients with ESRD have an
alarmingly high prevalence of suicide compared to the general U.S. population; a study of
200 patients undergoing hemodialysis treatment showed that 21.5% of patients experienced
suicidal ideation, 3.5% had previously planned a suicide attempt, and 3.5% had attempted
suicide during their lifetime [10]. Anxiety and depression are both significant predictors of
suicide risk in hemodialysis patients [12]. Risk factors associated with increased suicidality
among hemodialysis patients included old age, male gender, lower educational status,
alcohol or drug dependence, and recent psychiatric hospitalization [60,61]. Recognizing
warning signs of depression and anxiety in hemodialysis patients is crucial to suicide
prevention.

Overall, hemodialysis patients have identified mental health as a priority that needs to
be addressed in order to provide them with adequate and effective care [62]. Patients at a
hemodialysis center in Northern Alberta, Canada, reported a lack of mental health resources
to cope with depressive and anxiety symptoms [63]. It is evident from the literature and
from the perspective of patients that greater attention to psychological symptoms associated
with ESRD is critical to their quality of life. Compared to other serious diseases, ESRD poses
additional challenges to patients’ mental well-being due to biological factors (e.g., increased
cytokine levels, iron deficiency, etc.) and severe physical side effects that contribute to
psychological symptoms [12,51]. As such, the relationship between dialysis membrane
bioincompatibility, physical symptoms, and psychological symptoms is an important area
of research to improve the health outcomes of patients undergoing hemodialysis.

3.2. Influence of Dialysis Membrane Hemocompatibility and Clinical Practices on Psychological
Symptoms

The chemistry of dialysis membranes significantly influences treatment outcomes due
to their interactions with human serum proteins. For example, polyether sulfone (PES)-
based membranes contain sulfone groups that can provoke interactions with serum proteins
and induce more inflammatory biomarkers compared to cellulose triacetate (CTA) mem-
branes [29,64,65], potentially leading to more severe physical and psychological symptoms.
CTA membranes are generally considered gentler on the blood; thus, they can potentially
reduce such adverse effects. Our results showed that PES membranes are classified as
strong coagulation activators compared to CTA membranes. We likewise concluded that
the amount of fibrinogen adsorbed in the presence of PAES was higher than the quantity
adsorbed in the presence of CTA. Serums of patients using CTA dialyzers and exposed to
PAES membranes induce more cytokines and inflammation factors, confirming the better
biocompatibility of CTA [29]. Additionally, membranes such as polymethyl methacrylate
(PMMA) [66] and those coated with Vitamin E [67] or heparin-based membranes [68] are
designed to reduce inflammatory responses. Heparin-based membranes have been found
to reduce vWF and C5b-9 [68]. The reduced activation of inflammatory biomarkers with
these membranes can lead to fewer physical and psychological symptoms, improving
overall patient comfort and health outcomes as presented in Table 1. This highlights the
importance of membrane composition in dialysis treatment, as the selection of membrane
material can directly impact patient well-being by mitigating inflammation and other
negative interactions.
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Table 1. Inflammatory biomarkers and their corresponding physical and psychological symptoms in
dialysis patients.

Biomarkers Physical Outcomes Psychological Outcomes References

Loss of hemoglobin (anemia) Fatigue, weakness, swelling Depressive symptoms [6,52,69,70]

Low serum albumin level Fatigue, weakness, swelling Depressive symptoms [6,18,71,72]

High C-reactive protein (CRP)
Anemia, bone disease, and muscle
wasting, inflammation, increased

susceptibility to infections
Depressive symptoms [18,73,74]

High interleukin-6 (IL-6) Anemia, bone disease, and muscle
wasting, inflammation Depressive symptoms [18,75,76]

High C3a and C5a Inflammation, cardiovascular disease,
mortality

Possible increased risk of
depression and bipolar

disorder
[77–80]

High von Willebrand Factor
(vWF) and serpin/antithrombin

III (ATIII)

Affects blood coagulation, leading to
pain, swelling, organ damage, increased

risk of thrombosis and cardiovascular
morbidity

Unknown [7–9,81,82]

High tumor necrosis factor-alpha
(TNF-α)

Anemia, bone disease, and muscle
wasting, inflammation No association observed [18,83]

High β2 microglobulin Bone disease, joint pain, muscle wasting,
tissue damage No association observed [50,84]

Buildup of uremic toxins (indoxyl
sulfate (IS) and p-cresol sulfate

(PCS))
Increased risk of cardiovascular mortality

IS negatively associated with
depression in CKD patients,

no association with PCS
[50,85–88]

Fibrinogen activation Inflammation, increased risk of
cardiovascular disease Unknown [89]

Major depressive disorder is linked to albumin levels and the release of inflammatory
biomarkers, such as Interleukin-6 (IL-6) and C-reactive protein (CRP), in the general pop-
ulation [18]. The presence and severity of depressive symptoms may be exacerbated by
such factors in those with chronic illnesses, as patients with chronic disease often experi-
ence physiological symptoms comorbid with depression and tend to respond poorly to
antidepressant medication. The high prevalence of depression in chronic kidney disease
(CKD) and end-stage renal disease (ESRD) patients may be attributed to protein-energy
wasting, which is caused by various factors including inflammation, malnutrition, pro-
tein catabolism, metabolic acidosis, comorbidity with other medical illnesses, hormonal
abnormalities, and loss of kidney function [18]. Given the association between depres-
sion and increased inflammatory cytokine levels, it is crucial to investigate the connection
between inflammatory biomarkers and depression to inform treatment for depression in
ESRD patients.

To summarize the results of studies investigating the association between inflam-
matory biomarkers, depression prevalence, depressive symptom severity, and the effect
of treatment with antidepressant medication on biomarker levels in CKD and ESRD pa-
tients, Gregg et al. [18] conducted a systematic review and meta-analysis. The review
included 34 studies comparing albumin, C-reactive protein (CRP), high-sensitivity CRP,
Interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), and Interleukin-1 (IL-1) biomarkers
between depressed and nondepressed ESRD patients. The meta-analysis revealed that
depressed ESRD patients had lower serum albumin levels, higher plasma CRP levels, and
higher IL-6 levels when compared to non-depressed patients [18]. Serum albumin level
was negatively associated with the severity of depressive symptoms, while high-sensitivity
CRP and IL-6 levels were positively associated with depressive symptom severity. In the
studies looking at the impact of antidepressant medication on inflammatory biomarker
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levels, depression in ESRD patients was treated with selective serotonin reuptake inhibitors
(SSRIs). There was no change observed in serum albumin level as a result of SSRI medica-
tion and mixed results were found regarding changes in CRP and IL-6 levels; overall, the
data pertaining to whether antidepressant medication was related to changes in inflam-
matory biomarkers from the baseline were inconclusive [18]. However, serum albumin
level has been inversely associated with depression among various samples, suggesting an
important relation between this biomarker and depression severity [71,72].

The high prevalence of hypoalbuminemia and anemia in ESRD patients may indicate
poor nutritional management and quality of care [6]. Additionally, both hypoalbuminemia
and anemia are associated with higher hospitalization rates, mortality, and lower QOL
among ESRD patients. In addition, the use of high-flux or high-cut-off dialysis membranes
has been associated with anemia and lower levels of albumin in dialysis patients [90]. A
longitudinal study examining ESRD patients for 1 year following the start of hemodialysis
treatment found that 56% of the patients had hemoglobin levels below 10 g/dL (100 g/L)
and 52% had albumin levels of 3.5 g/dL (35 g/L) or less at initiation [6]. The Kidney Disease
Quality of Life (KDQOL) questionnaire was used to measure various domains of health,
such as physical functioning, emotional well-being, role limitations, energy/fatigue, sleep,
and social support. There was a strong association between depression and poor QOL; 45%
of patients screened positive for depression and depressed patients had significantly lower
KDQOL scores on all subscales except work status and perceptions of encouragement
from hemodialysis treatment staff [6]. While this study did not specifically investigate the
association between albumin, hemoglobin levels, and depression, a large percentage of
ESRD patients undergoing hemodialysis had hypoalbuminemia, anemia, and depression.

Furthermore, multiple studies have demonstrated a correlation between iron-deficiency
anemia and depression. In a study of patients from the Taiwan National Health Insurance
Database, individuals with iron-deficiency anemia (IDA) have a higher incidence and risk
of psychiatric disorders, including anxiety disorders, depression, sleep disorders, and
psychotic disorders, compared to those without IDA [52]. Moreover, individuals with
IDA who received iron supplementation had a significantly lower risk of psychiatric dis-
orders than IDA patients who did not receive iron supplementation. An online survey of
11,876 Japanese participants revealed that self-reported history of depression and higher
K6 scores (measuring psychological distress) were associated with a self-reported history of
IDA [69]. Depression and depressive symptom severity were also associated with anemia
among a community sample of older adults [70]. Given the high prevalence of anemia in
ESRD patients and the extensive literature supporting an association between anemia and
depression, this is an important area for further investigation as a possible contributing
factor to depressive symptoms in ESRD patients.

Other biomarkers that were examined in CKD and ESRD patients include the accumu-
lation of uremic toxins [50]. Small soluble uremic toxins, such as urea, can be removed from
the body with dialysis treatment, while larger uremic toxins, such as β2 microglobulin,
can be partially removed. However, dialysis is not capable of removing protein-bound
uremic toxins, such as indoxyl sulfate (IS) and p-cresol sulfate (PCS), due to their strong
attachment to human serum protein. As a result, these uremic toxins build up in CKD
patients receiving hemodialysis treatment [91]. In order to investigate whether there is an
association between depression and uremic toxins (in particular urea, β2 microglobulin,
IS, and PCS), a cross-sectional study was conducted with 209 CKD patients undergoing
hemodialysis at Chang Gung Memorial Hospital [50]. Depression was measured using
the Hospital Anxiety and Depression Rating Scale (HADS). Overall, 22.4% of the patients
met the criteria for depression based on their HADS scores. Patients were also screened for
uremic toxins and other biochemical parameters. It was found that serum albumin levels
and IS levels were significantly lower in depressed CKD patients [50]. However, urea, β2
microglobulin, and PCS were not associated with depression. Furthermore, the finding that
IS was negatively associated with depression contradicted the hypothesis that the increased
presence of uremic toxins might contribute to depressive symptoms in CKD patients.
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Depression in ESRD patients may be linked to inflammation. Evidence suggests that
chronic stress results in increased inflammatory responses and that higher levels of pro-
inflammatory markers have been discovered in the brain tissue of depressed individuals,
indicating that inflammation may influence depressive symptoms [92]. The complement
system may be a key mediator of inflammatory changes affecting psychiatric disorders.
Anaphylatoxins in the complement system (C4a, C3a, and C5a) activate proinflammatory
signaling. C3a and C5a may be related to psychiatric disorder risk, as patients with bipolar
disorder were found to have increased levels of C3a and C5a [80]. In addition, C3 mRNA
levels were higher in the prefrontal cortex of depressed individuals and the inhibition of
C3a signaling reduced depressive behavior in mice [77]. Furthermore, increased levels
of C5 were found in the cerebrospinal fluid of depressed patients compared to healthy
individuals [78]. In ESRD patients undergoing hemodialysis, blood–membrane interactions
can activate the complement system, which may contribute to chronic inflammation in this
population [93]. Complement activation of C3a and C5a is associated with cardiovascular
disease and mortality [79]. However, further research is required to examine the potential
relations between complement activation in hemodialysis patients and the increased risk of
psychiatric disorders such as depression and bipolar disorder.

Furthermore, von Willebrand Factor (vWF) and serpin/antithrombin III (ATIII) are
additional biomarkers that may have an influence on patients’ health outcomes as a result
of their effects on blood coagulation. Although there is presently no evidence of a direct
correlation between vWF and psychological symptoms in ESRD patients, vWF has been
shown to be associated with increased risk for cardiovascular morbidity, vascular access
thrombosis, and mortality in patients undergoing hemodialysis [7–9]. This can in turn
reduce patients’ quality of life and thereby potentially have an indirect impact on increasing
psychological distress.

4. Influence of Dialysis Membrane Hemocompatibility and Clinical Practices on
Physical Symptoms

There are several factors related to dialysis that can affect physical symptoms in
patients. The composition of the dialysate, including electrolyte concentrations, pH, and
temperature, can impact physical symptoms in patients. For example, a high dialysate
sodium concentration can lead to hypertension and fluid overload, while a low dialysate
temperature can cause hypotension and shivering. The blood flow rate during hemodialysis
can affect physical symptoms such as headache, muscle cramps, and nausea. A high blood
flow rate such as 500 mL/min can lead to hypotension, while a low blood flow rate can
cause clotting and ineffective dialysis [94,95]. The frequency and duration of dialysis
sessions can also impact physical symptoms. Longer and more frequent dialysis sessions
have been shown to improve physical symptoms such as fatigue, which affects around
70–97% of dialysis patients, and muscle cramps, which affects 30–60% of dialysis patients.
Furthermore, complications related to vascular access, such as infection or thrombosis,
can cause pain, swelling, and other physical symptoms [1,96,97]. In addition, patients
with comorbid conditions such as diabetes or cardiovascular disease may experience more
physical symptoms during dialysis due to their underlying health status.

Inflammation is a common complication among dialysis patients and it can contribute
to a range of physical symptoms. Chronic inflammation in the body can lead to muscle
wasting, fatigue, and weakness, which can significantly impact a patient’s ability to perform
daily activities. Inflammation can also lead to bone and joint pain, shortness of breath,
weakness, nausea, vomiting, poor appetite, constipation, sore mouth, drowsiness, poor
mobility, itching, difficulty sleeping, restless legs, skin changes and rashes, other skin
problems, diarrhea, infections, muscle cramps, fatigue, and lethargy or low energy [2]. One
of the most common causes of inflammation in dialysis patients is the presence of infections,
which can cause a fever and increase inflammatory markers in the body. Inflammation can
also be caused by other factors, such as the accumulation of toxins that are not adequately
cleared by the dialysis process or the presence of other underlying medical conditions.
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There are several biomarkers that can indicate the presence of inflammation and
may be associated with the physical symptoms experienced by dialysis patients. Some
commonly measured biomarkers include C-reactive protein (CRP), Interleukin-6 (IL-6), and
tumor necrosis factor-alpha (TNF-α) [3–5]. In addition, fibrinogen can also be produced
in response to inflammation and may contribute to the development of cardiovascular
disease [89]. CRP can contribute to the development of cardiovascular disease and it has
also been linked to anemia, bone disease, and muscle wasting. CRP can also affect the
function of the immune system, making patients more susceptible to infections and other
illnesses [73,74]. IL-6 and TNF- α can contribute to the development of anemia, bone
disease, and muscle wasting [75,76,83]. It can also affect the function of the cardiovascular
and respiratory systems, leading to shortness of breath and other symptoms. Elevated levels
of these biomarkers may indicate the presence of inflammation in dialysis patients and
may be associated with the physical symptoms experienced by these patients. Furthermore,
elevated levels of β2M have been associated with a range of physical symptoms in dialysis
patients, including bone disease, joint pain, and muscle wasting. This is because β2M
can form deposits in joints and bones, leading to inflammation and tissue damage [84].
On the other hand, increased levels of IS and PCS are associated with a higher risk of
cardiovascular mortality in CKD patients [85–88].

In addition, anemia and low levels of albumin are both common among dialysis pa-
tients who use high-flux and high MWCO and can contribute to physical symptoms [47,48].
Anemia, which is a condition characterized by a low red blood cell count or hemoglobin
level, which affects around 40–60% of dialysis patients, can cause fatigue, weakness, and
shortness of breath. This is because red blood cells are responsible for carrying oxygen
throughout the body and a low red blood cell count can lead to a decreased supply of
oxygen to the tissues and organs. Low levels of albumin, which is a protein found in the
blood, can also contribute to physical symptoms in dialysis patients. Albumin helps to
maintain fluid balance in the body and plays a role in transporting important molecules
such as hormones and medications. A low level of albumin can lead to fluid accumulation
in the tissues, which can cause swelling and edema. Additionally, low albumin levels can
impair the immune system and contribute to malnutrition and muscle wasting.

In addition, changes in ATIII and vWF levels can affect blood coagulation and increase
the risk of thrombosis, which can lead to physical symptoms such as pain, swelling, and
organ damage [81,82]. Thrombosis can also be life-threatening in some cases, such as
when it causes a heart attack or stroke. The physical symptoms of inflammation can
significantly affect the quality of life of dialysis patients. Patients may experience a loss
of appetite, weight loss, and difficulty sleeping, which can further contribute to fatigue
and weakness [98]. Joint pain and stiffness can make it challenging to move around and
perform daily activities, while skin rashes and other skin problems can cause discomfort
and affect a patient’s self-esteem.

5. Correlation between Physical and Psychological Symptoms

There is a well-established correlation between psychological and physical symptoms,
particularly among patients with chronic medical conditions such as end-stage renal disease
(ESRD) who require dialysis. Chronic medical conditions can lead to significant physical
symptoms that can impact a patient’s quality of life, such as fatigue, pain, and difficulty
sleeping [99]. However, these physical symptoms can also contribute to psychological
symptoms such as anxiety, depression, and stress. Psychological symptoms can in turn
exacerbate physical symptoms, creating a cycle of negative symptoms and poor health
outcomes. Research has shown that dialysis patients with higher levels of depression and
anxiety report more physical symptoms and lower overall quality of life. Additionally,
stress and other psychological factors have been shown to contribute to inflammation in the
body, which can worsen physical symptoms in patients with ESRD. For example, fatigue
can be exacerbated by psychological factors, making it difficult to maintain motivation
and energy levels. Pain perception can also be intensified by stress and anxiety, making
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it more difficult to manage. Sleep disturbances can be caused by medical conditions but
psychological factors can also disrupt sleep and contribute to poor sleep quality. Anemia
may also be related to the high prevalence of sleep disorders in ESRD patients. A study
of 245 ESRD patients undergoing hemodialysis found that 74.4% of the patients reported
sleep disturbance [19]. Patients with poor sleep also scored higher on the Beck Depression
Inventory; thus, anemia and depression were predictors of lower sleep quality and insomnia
in ESRD patients [100,101].

Changes in appetite and nutritional status can also be influenced by psychological
factors such as depression and anxiety, leading to poor dietary choices and decreased
overall health. Itching is a common physical symptom among dialysis patients, which
affects 30–70% of dialysis patients; stress and anxiety can also contribute to itching by
triggering the release of histamines [1,96,97]. Fluid overload can be caused by excess fluid
in the body but anxiety and depression can also contribute by triggering the release of stress
hormones, which can lead to fluid retention and increased blood pressure [102]. Dialysis
patients are at increased risk for cardiovascular disease and while this is often attributed
to factors such as high blood pressure and inflammation, psychological factors such as
depression and stress have also been shown to increase the risk of cardiovascular disease.

Muscle weakness can be caused by malnutrition and inflammation but psychological
factors such as depression and anxiety can also contribute by causing decreased physical ac-
tivity and muscle mass [103]. Restless leg syndrome is primarily caused by physical factors
but stress and anxiety can exacerbate symptoms by interfering with sleep and triggering the
release of dopamine. Cognitive impairment can be caused by anemia, inflammation, and
cerebral small vessel disease but depression and anxiety can also contribute by interfering
with attention, memory, and other cognitive processes. Sexual dysfunction can be caused
by hormonal imbalances and nerve damage but depression and anxiety can also contribute
by decreasing libido and interfering with sexual performance [104].

Infections can be caused by immunosuppression and the use of catheters for vascular
access but stress and anxiety can also weaken the immune system and make the body more
susceptible to infections. Nausea and vomiting can be caused by gastrointestinal issues and
medication side effects but stress and anxiety can also contribute by disrupting digestion
and causing nausea [105]. Skin problems such as dryness, itching, and rashes can be caused
by dehydration and high levels of phosphorus in the blood but stress and anxiety can also
weaken the immune system and increase inflammation. Elevated levels of vWF, a marker
of vascular endothelial dysfunction, are associated with cardiovascular disease, which is
prevalent in hemodialysis patients and can significantly impact their quality of life [106].

In conclusion, there is a clear correlation between psychological and physical symp-
toms in dialysis patients. While many physical symptoms can be directly attributed to
underlying medical conditions, psychological factors such as stress, anxiety, and depression
can also play a significant role in exacerbating or even causing these symptoms. Conversely,
physical symptoms such as pain, fatigue, and anemia can have a negative impact on pa-
tients’ psychological well-being, leading to depression, anxiety, and other psychological
symptoms. As a result, the effective management of dialysis patients requires a holistic
approach that addresses both physical and psychological factors. Healthcare providers
should be aware of the potential interactions between physical and psychological symptoms
and tailor their treatment plans accordingly, incorporating both medical treatments and
psychological interventions as appropriate. By addressing both physical and psychological
symptoms, patients can achieve improved outcomes and a better overall quality of life.
Table 1 examines the complex relationships between various inflammatory biomarkers
and their effects on both physical and psychological symptoms in dialysis patients. The
biomarkers discussed include loss of hemoglobin (anemia), low serum albumin levels,
high C-reactive protein (CRP), high Interleukin-6 (IL-6), high complement components
C3a and C5a, high von Willebrand Factor (vWF) and serpin/antithrombin III (ATIII), high
tumor necrosis factor-alpha (TNF-α), β2 microglobulin, the buildup of uremic toxins such
as indoxyl sulfate (IS) and p-cresol sulfate (PCS), and fibrinogen activation. Table 1 also
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connects the biomarkers to the resultant physical outcomes and psychological symptoms
observed in dialysis patients, emphasizing the profound impact of inflammatory processes
on the overall physical and mental well-being of these individuals.

Figure 2 provides a comprehensive overview of the various factors affecting dialysis
patients, summarizing the issues related to membrane hemocompatibility and dialysis
practices and detailing both physical symptoms and psychosocial symptoms. These factors
collectively contribute to a reduced QOL for patients undergoing dialysis. It is worth noting
that the visual elements depicted in Figure 2 do not necessarily have an equal influence or
effect on the quality of life of dialysis patients.
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6. Case Studies: Extra Challenges and Impacts of Dialysis on High-Risk Populations in
Canada

This section specifically focuses on the extra challenges and impacts of dialysis on
high-risk populations in Canada. These case studies illuminate universal challenges faced
in dialysis care and underscore innovative solutions that hold the potential for adaptation
in diverse global contexts. Understanding the complex interplay of age, race, and pre-
existing conditions is crucial for tailoring healthcare interventions that effectively address
the unique needs of these populations and improve their overall well-being.

6.1. First Nations Dialysis Patients

It is important to note that the Canadian healthcare system provides comprehensive
medical coverage for all ESRD patients, including those from First Nations communi-
ties [107]. However, specific challenges hinder the accessibility and effectiveness of these
services for First Nations patients. Many reside in remote areas, requiring lengthy travel to



J. Compos. Sci. 2024, 8, 172 12 of 20

dialysis centers, often compounded by severe weather conditions and unreliable transporta-
tion infrastructure [108]. Furthermore, the frequent need for transportation, sometimes
multiple times per week, introduces substantial costs and logistical difficulties [109]. Strate-
gies such as mobile health services would support patients in rural areas, ensuring equitable
care delivery across all populations [110]. First Nations patients undergoing dialysis face a
myriad of challenges that can have both physical and psychological implications.

Nevertheless, it is important to acknowledge that there are other options available
to adapt to these barriers, such as peritoneal dialysis (PD) options, smaller HD centers
close to some communities, and home HD. These alternative approaches aim to increase
accessibility and improve the quality of care for patients, particularly those in remote
or underserved areas. By offering a range of dialysis modalities tailored to individual
needs and circumstances, healthcare providers can better address the challenges faced
by high-risk populations like First Nations communities. Integrating these options into
healthcare delivery strategies can enhance patient outcomes and promote health equity
across diverse populations. In addition In the United States, efforts to enhance ESRD
outreach for patients in remote areas include the adoption of peritoneal dialysis (PD),
the establishment of smaller hemodialysis (HD) centers, and the utilization of home HD
supported by trained traveling healthcare teams. PD offers a viable and economical home-
based therapy option, particularly beneficial in geographically vast areas, thus mitigating
accessibility issues associated with traditional in-center HD treatments [111,112]. Moreover,
smaller decentralized HD centers and home HD services facilitated by mobile healthcare
professionals are crucial for providing continuous and integrated care, further reducing the
travel burden and enhancing treatment compliance [113,114]. These strategies collectively
play a critical role in improving access to renal care services and enhancing the quality of
life of patients in remote settings.

According to a recent report by the Canadian Institute for Health Information, In-
digenous kidney disease patients have a 20% higher likelihood of hospitalization due
to complications from dialysis treatment and a lower patient survival rate compared to
non-Indigenous patients. The report also highlights that Indigenous patients are 30%
more likely to be hospitalized specifically for dialysis-related infections [115]. The report
underscores the need for further research to understand the underlying reasons and to
develop targeted interventions that address these specific needs, thereby improving the
overall psychological and physical well-being of First Nations patients.

6.2. Child and Youth Dialysis Patients

Furthermore, youth and children with ESRD are at high risk of developing psychiatric
disorders. Children and adolescents with CKD demonstrate a high prevalence of depres-
sion; approximately 35% of pediatric CKD patients exhibit depressive symptoms [116]).
Depression in youth with ESRD may be a result of medication use, difficulty coping with
the loss of renal function and physical symptoms, inability to attend school, and low self-
esteem related to loss of sexual function, delayed puberty, and short stature [116]. The
management of ESRD has a significant impact on pediatric patients’ quality of life, as fre-
quent hospitalizations can affect school attendance, restrict participation in activities, and
hinder socialization [117]. Pediatric ESRD patients described feeling alienated, abandoned,
and isolated; they also reported a lack of autonomy in daily decision making, such as
what food to eat [118]. Children and youth may be especially vulnerable to developing
mental health issues, such as depression, anxiety, and feelings of hopelessness, due to a
lower capacity for managing stress and poorer coping skills compared to adults. One study
found that adolescent patients with ESRD were more likely than older patients to view
their diagnosis as a loss or challenge [119]. Children and youth with ESRD may also be less
likely to adhere to treatment recommendations, thus increasing their risk of poor health
outcomes [117].

Child and youth patients undergoing dialysis encounter a myriad of challenges that
significantly impact their physical well-being and overall quality of life. The treatment
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process itself poses physical demands and time constraints, requiring regular visits to
dialysis centers and strict adherence to medical regimens. This disrupts their daily routines,
including school attendance, extracurricular activities, and social interactions, which are
crucial for their development and overall physical health. Additionally, dialysis can give
rise to various physical symptoms, such as fatigue, weakness, and discomfort, further
affecting their overall physical well-being. Furthermore, dialysis has specific physical
effects on child and youth patients, which can have long-term consequences. These effects
encompass fluid and electrolyte imbalances, anemia, growth and developmental challenges,
bone and mineral disorders, cardiovascular complications, and potential complications
related to vascular access [120]. Child and youth patients may exhibit symptoms such
as edema, high blood pressure, fatigue, weakness, pale skin, delayed growth, bone pain,
skeletal deformities, and an increased risk of fractures [120]. These physical manifesta-
tions can significantly impact their day-to-day activities, mobility, and overall physical
functioning [121].

Moreover, child and youth patients face unique challenges related to their develop-
mental stage. Navigating the complex physical, emotional, and social changes associated
with growing up can be particularly challenging for them and the need for ongoing medical
interventions adds an additional layer of complexity. These challenges may contribute to
feelings of frustration, isolation, and limitations on their activities, potentially impacting
their mental well-being as well.

Addressing the physical challenges faced by child and youth patients undergoing
dialysis requires a comprehensive approach that encompasses medical management, indi-
vidualized care plans, and support systems tailored to their specific needs.

6.3. Diabetic Dialysis Patients

Diabetic patients who require dialysis are more likely to experience severe physical
symptoms compared to non-diabetic patients on dialysis. Diabetic patients often experience
a range of characteristic psychological symptoms, including but not limited to depression,
anxiety, and diabetes-related distress. Depression can manifest as persistent feelings of
sadness, hopelessness, and a loss of interest in previously enjoyable activities. Anxiety may
manifest as excessive worry, restlessness, and fear about diabetes management and compli-
cations. Diabetes-related distress encompasses emotional reactions to the daily demands of
diabetes, such as frustration, guilt, or fear of hypoglycemia. These psychological symptoms
can profoundly affect a patient’s quality of life, self-care behaviors, and glycemic control,
underscoring the importance of their early identification and management in diabetes care.

The combination of diabetes and kidney failure can lead to various complications
that can worsen their overall health status [122]. The inflammatory markers such as
C-reactive protein (CRP), Interleukin-6 (IL-6), and tumor necrosis factor-alpha (TNF-α) are
frequently found at higher levels in diabetic patients on dialysis compared to non-diabetic
dialysis patients [123]. The presence of inflammation in diabetic dialysis patients can
have significant implications for their health. According to studies, diabetic patients on
dialysis have a higher prevalence of cardiovascular complications compared to non-diabetic
patients on dialysis, with an increased risk of heart attacks, strokes, and peripheral artery
disease. In fact, research shows that diabetic dialysis patients have a two to four times
higher risk of cardiovascular mortality than non-diabetic dialysis patients [124,125].

Another factor contributing to the severity of symptoms in diabetic dialysis patients
is neuropathy. Diabetic neuropathy, a nerve damage condition associated with diabetes,
can affect various parts of the body. When combined with the uremic neuropathy that
can occur in kidney failure, the symptoms can be more severe and debilitating. Studies
have shown that around 60–70% of diabetic patients with ESRD experience neuropathy
symptoms [126,127].

Poor wound healing is also a concern for diabetic dialysis patients. Diabetes can
impair the body’s ability to heal wounds due to reduced blood flow and compromised
immune function. In the presence of kidney failure, wounds may take longer to heal,
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putting diabetic dialysis patients at a higher risk of infections and complications. The risk
of infections is further increased due to the weakened immune system associated with both
diabetes and kidney failure.

Metabolic imbalances are common in diabetic dialysis patients. Diabetes and kidney
failure can disrupt the body’s normal metabolic processes, leading to electrolyte imbalances,
fluid retention, and metabolic acidosis. These imbalances can cause symptoms such as
muscle cramps, weakness, fatigue, and altered mental status [22,128]. Proper management
of blood sugar levels, fluid balance, and electrolyte levels becomes crucial in alleviating
these symptoms. In summary, diabetic dialysis patients are at a higher risk of experiencing
severe physical symptoms due to the combined effects of diabetes and kidney failure.
Cardiovascular complications, neuropathy, poor wound healing, increased infection risk,
and metabolic imbalances contribute to the severity of symptoms in this population.

7. Outlook

Dialysis is a life-saving treatment for patients with end-stage renal disease (ESRD)
but it can also have a significant impact on their psychosocial well-being and quality of
life. Research studies have shown that dialysis patients often experience psychosocial
symptoms such as depression, anxiety, stress, and social isolation. These symptoms can
be caused by a variety of factors, including the chronic nature of the illness, the demands
of the treatment, changes in lifestyle, and the uncertainty of the future. In addition, the
physical side effects of dialysis can also impact a patient’s quality of life. Patients may
experience fatigue, sleep disturbances, loss of appetite, and a reduced ability to participate
in activities they previously enjoyed.

While dialysis can be challenging for patients, a multidisciplinary approach that
includes medical, psychological, and social support can help improve the psychosocial
symptoms and quality of life of dialysis patients. Depression, anxiety, stress, and other
psychological factors can exacerbate physical symptoms and contribute to the development
of other health complications. Dialysis patients should receive social support from family,
friends, and healthcare providers; education and counseling about the illness and treatment;
and access to resources such as support groups and mental health services. Moreover,
technological advancements and innovations would improve dialysis therapy, providing
patients with more options and flexibility, allowing them to maintain their daily routines
and continue participating in activities they enjoy.

Enhancing membrane hemocompatibility and developing new materials that are less
likely to trigger an immune response can potentially reduce inflammation and physical
and psychological symptoms by improving the biocompatibility of dialysis membranes,
which can reduce the activation of the immune system and the release of pro-inflammatory
cytokines. Reducing inflammation can also have a positive impact on the psychological
well-being of patients. Chronic inflammation has been associated with depression, anxiety,
and cognitive dysfunction as well as reducing inflammation, which may help to alleviate
these symptoms and improve the overall quality of life for dialysis patients.

Furthermore, understanding and addressing the impact of dialysis on psychosocial
symptoms in youth patients holds promising prospects. While research in this area is
limited, studies have shed light on the emotional distress, reduced quality of life, and social
challenges experienced by youth patients undergoing dialysis. However, by recognizing
the importance of social support, promoting positive coping strategies, and involving mul-
tidisciplinary care teams, we can work toward improving the psychosocial well-being of
these patients. Further research is needed to deepen our understanding of the specific chal-
lenges faced by youth patients and develop targeted interventions to address their unique
needs. By focusing on enhancing psychosocial support and implementing comprehensive
care approaches, we can strive to improve the overall quality of life for youth patients
undergoing dialysis. Continued efforts in research, collaboration, and patient-centered care
can make a positive impact on the psychosocial well-being of youth patients and help them
navigate the challenges of dialysis more effectively.
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In addition, the outlook for managing the physical symptoms experienced by child and
youth patients undergoing dialysis is focused on comprehensive care and multidisciplinary
approaches. By implementing regular monitoring, medication management, and nutritional
support, healthcare teams can work toward minimizing fluid and electrolyte imbalances,
managing anemia, and addressing growth and developmental challenges. Additionally,
efforts to optimize dialysis treatment strategies and prevent complications related to bone
and mineral disorders and cardiovascular complications are crucial. Continued research,
collaboration, and patient-centered care are essential in improving the overall well-being
and long-term outcomes of child and youth patients undergoing dialysis.

The impact of dialysis on critical symptoms, hospitalization, and quality of life in First
Nations patients is a complex and multifaceted issue. Limited research specifically focused
on this population makes it challenging to draw definitive conclusions. Quality of life in
First Nations patients undergoing dialysis may be influenced by factors such as cultural
and social support, access to healthcare resources, and the management of comorbidities.
Further research is needed to gain a deeper understanding of the specific impact of dialysis
on critical symptoms, hospitalization, and quality of life in First Nations patients, in order
to develop targeted interventions and improve overall outcomes.

Dialysis presents unique challenges for patients with diabetes, as the combination of
these conditions can lead to various complications. Diabetic dialysis patients often experi-
ence more severe physical symptoms, such as cardiovascular complications, neuropathy,
poor wound healing, increased infection risk, and metabolic imbalances. By addressing the
specific needs of diabetic dialysis patients in addition to improving membrane compatibility,
we can improve their quality of life and overall well-being.

In summary, improving membrane hemocompatibility and optimizing clinical prac-
tices can be a promising strategy to reduce inflammation and its associated consequences,
thereby improving the physical and psychological symptoms of dialysis patients. However,
further research is necessary to fully comprehend the effectiveness of these interventions in
enhancing patient outcomes.
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Rybakowski, J.K.; Samochowiec, J. Assessment of Complement Cascade Components in Patients with Bipolar Disorder. Front.
Psychiatry 2018, 9, 614. [CrossRef] [PubMed]

81. Ebbesen, L.; Olesen, S.; Kruhøffer, M.; Ingerslev, J.; Ørntoft, T. Folate deficiency induced hyperhomocysteinemia changes the
expression of thrombosis-related genes. Blood Coagul. Fibrinolysis 2006, 17, 293–301. [CrossRef] [PubMed]

https://doi.org/10.1001/jama.2010.619
https://www.ncbi.nlm.nih.gov/pubmed/20483971
https://doi.org/10.1053/j.ackd.2006.10.001
https://www.ncbi.nlm.nih.gov/pubmed/17200048
https://doi.org/10.1111/sdi.12065
https://www.ncbi.nlm.nih.gov/pubmed/23432416
https://doi.org/10.1111/j.1365-2702.2010.03669.x
https://www.ncbi.nlm.nih.gov/pubmed/21545572
https://doi.org/10.1681/asn.2004070550
https://doi.org/10.2215/cjn.10850917
https://www.ncbi.nlm.nih.gov/pubmed/29559445
https://doi.org/10.1186/s41687-021-00385-z
https://www.ncbi.nlm.nih.gov/pubmed/34709470
https://doi.org/10.1038/s41598-021-01660-1
https://www.ncbi.nlm.nih.gov/pubmed/34845257
https://doi.org/10.1002/14651858.CD003234.pub2
https://www.ncbi.nlm.nih.gov/pubmed/16034894
https://doi.org/10.1186/s41100-018-0170-y
https://doi.org/10.1046/j.1523-1755.2001.0590051943.x
https://www.ncbi.nlm.nih.gov/pubmed/11318967
https://doi.org/10.3390/membranes13080718
https://www.ncbi.nlm.nih.gov/pubmed/37623779
https://doi.org/10.1111/pcn.12656
https://www.ncbi.nlm.nih.gov/pubmed/29603506
https://doi.org/10.1093/gerona/60.9.1168
https://www.ncbi.nlm.nih.gov/pubmed/16183958
https://doi.org/10.1080/08039488.2019.1610056
https://www.ncbi.nlm.nih.gov/pubmed/31066604
https://doi.org/10.1186/s12888-021-03647-8
https://www.ncbi.nlm.nih.gov/pubmed/34983435
https://doi.org/10.1053/j.ajkd.2014.12.016
https://www.ncbi.nlm.nih.gov/pubmed/25727384
https://doi.org/10.1016/J.CQN.2012.06.007
https://doi.org/10.3390/cells10071816
https://www.ncbi.nlm.nih.gov/pubmed/34359985
https://doi.org/10.1182/blood-2021-153126
https://doi.org/10.1016/j.bbi.2018.03.004
https://www.ncbi.nlm.nih.gov/pubmed/29518530
https://doi.org/10.1016/j.bbrc.2018.02.131
https://www.ncbi.nlm.nih.gov/pubmed/29454970
https://doi.org/10.3389/fimmu.2018.00071
https://doi.org/10.3389/fpsyt.2018.00614
https://www.ncbi.nlm.nih.gov/pubmed/30538645
https://doi.org/10.1097/01.mbc.0000224849.19754.85
https://www.ncbi.nlm.nih.gov/pubmed/16651872


J. Compos. Sci. 2024, 8, 172 19 of 20

82. Siegel, A.; Siegel, A.; Stec, J.; Lipinska, I.; Cott, E.; Lewandrowski, K.; Ridker, P.; Ridker, P.; Tofler, G. Effect of marathon running
on inflammatory and hemostatic markers. Am. J. Cardiol. 2001, 88, 918–920.

83. Reid, M.; Li, Y. Tumor necrosis factor-α and muscle wasting: A cellular perspective. Respir. Res. 2001, 2, 269–272. [CrossRef]
84. Portales-Castillo, I.; Yee, J.; Tanaka, H.; Fenves, A.Z. Beta-2 Microglobulin Amyloidosis: Past, Present, and Future. Kidney360 2020,

1, 1447–1455. [CrossRef] [PubMed]
85. Bammens, B.; Evenepoel, P.; Keuleers, H.; Verbeke, K.; Vanrenterghem, Y. Free serum concentrations of the protein-bound

retention solute p-cresol predict mortality in hemodialysis patients. Kidney Int. 2006, 69, 1081–1087. [CrossRef] [PubMed]
86. Gryp, T.; Vanholder, R.; Vaneechoutte, M.; Glorieux, G. p-Cresyl Sulfate. Toxins 2017, 9, 52. [CrossRef]
87. Liu, W.-C.; Tomino, Y.; Lu, K.-C. Impacts of Indoxyl Sulfate and p-Cresol Sulfate on Chronic Kidney Disease and Mitigating

Effects of AST-120. Toxins 2018, 10, 367. [CrossRef] [PubMed]
88. Kuo, M.; Wu, P.; Lin, Y.; Chiu, Y.; Hwang, S.; Huang, J.; Chen, S.; Lee, S.; Liang, S. P1286THE relationship between protein-bound

uremic toxins and target cardiovascular proteins in hemodialysis patients. Nephrol. Dial. Transplant. 2020, 35, gfaa142.P1286.
[CrossRef]

89. Maat, M.; Pietersma, A.; Kofflard, M.; Sluiter, W.; Kluft, C. Association of plasma fibrinogen levels with coronary artery disease,
smoking and inflammatory markers. Atherosclerosis 1996, 121, 185–191. [PubMed]

90. Lee, D.; Haase, M.; Haase-Fielitz, A.; Paizis, K.; Goehl, H.; Bellomo, R. A Pilot, Randomized, Double-Blind, Cross-Over Study of
High Cut-Off versus High-Flux Dialysis Membranes. Blood Purif. 2009, 28, 365–372. [CrossRef] [PubMed]

91. Atoh, K.; Itoh, H.; Haneda, M. Serum indoxyl sulfate levels in patients with diabetic nephropathy: Relation to renal function.
Diabetes Res. Clin. Pract. 2009, 83, 220–226. [CrossRef] [PubMed]

92. Pillai, A. Chronic stress and complement system in depression. Braz. J. Psychiatry 2022, 44, 366–367. [CrossRef] [PubMed]
93. Melchior, P.; Erlenkötter, A.; Zawada, A.M.; Delinski, D.; Schall, C.; Stauss-Grabo, M.; Kennedy, J.P. Complement activation by

dialysis membranes and its association with secondary membrane formation and surface charge. Artif. Organs 2021, 45, 770–778.
[CrossRef] [PubMed]

94. Chang, K.Y.; Kim, S.-H.; Kim, Y.O.; Jin, D.C.; Song, H.C.; Choi, E.J.; Kim, Y.-L.; Kim, Y.-S.; Kang, S.-W.; Kim, N.-H.; et al. The
impact of blood flow rate during hemodialysis on all-cause mortality. Korean J. Intern. Med. 2016, 31, 1131–1139. [CrossRef]
[PubMed]

95. Mc Causland, F.R.; Brunelli, S.M.; Waikar, S.S. Dialysis Dose and Intradialytic Hypotension: Results from the HEMO Study. Am. J.
Nephrol. 2013, 38, 388–396. [CrossRef] [PubMed]
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