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a b s t r a c t

Even without the presence of the novel Coronavirus disease 2019 (COVID-19), acute kidney injury has
been a serious problem in medicine for decades, with mortality rate up to 70% among those who
eventually required renal replacement therapy, and the number has not changed significantly for the last
30 years despite major advances in technology and experience. On the other hand, even without acute
kidney injury, COVID-19 was a major cause of death globally in the year 2020, but the occurrence of acute
kidney injury among COVID-19 patients is an independent risk factor of increased mortality. Continuous
renal replacement therapy has been recommended to treat acute kidney injury in COVID-19 patients
instead of conventional intermittent hemodialysis. Moreover, its use might have another beneficial role
in stopping the progression of severe COVID-19 by removing pro-inflammatory cytokines during cyto-
kine storm syndrome, which is postulated as the pathophysiology behind severe and critically severe
cases of COVID-19. This review will cover a brief history of continuous renal replacement therapy and its
modalities, before digging up more into its use in COVID-19 patients, including the optimum filtration
dose and timing, membrane filtration used, vascular access, anticoagulation therapy, and drug dosing
adjustment during continuous renal replacement therapy.

© 2021 Published by Elsevier Ltd.
Contents

1. Continuous renal replacement therapy history . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2. Continuous renal replacement therapy modalities and functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3. Continuous renal replacement therapy indications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.1. Volume overload . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.2. Acid-base abnormalities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.3. Electrolyte abnormality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.4. Progressive azotemia and uremia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.5. Drug and toxin removal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.6. Epidemiology of acute kidney injury in COVID-19 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.7. Etiology and pathophysiology of AKI in COVID-19 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.8. Management of acute kidney injury in COVID-19 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.9. Indications of renal replacement therapy in COVID-19 patients . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.10. Continuous renal replacement therapy use in COVID-19 patients . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.11. Dosing and initiation timing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.12. Membrane for cytokine removal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.13. Vascular access . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.14. Anticoagulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.15. Drug dosing adjustment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
eng, Surabaya, Jawa Timur,

(M.P. Paramitha), joshua.
om (S. Puspitasari).

mailto:maharani.pradnya@gmail.com
mailto:joshua.suyanto93@gmail.com
mailto:joshua.suyanto93@gmail.com
mailto:ta.anest@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tacc.2021.06.003&domain=pdf
www.sciencedirect.com/science/journal/22108440
http://www.elsevier.com/locate/tacc
https://doi.org/10.1016/j.tacc.2021.06.003
https://doi.org/10.1016/j.tacc.2021.06.003
https://doi.org/10.1016/j.tacc.2021.06.003


M.P. Paramitha, J.C. Suyanto and S. Puspitasari Trends in Anaesthesia and Critical Care 39 (2021) 12e18
4. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
Funding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
Availability of data and materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
Informed consent . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
Ethical approval . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
Human rights . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
Declaration of competing interest . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
1. Continuous renal replacement therapy history

Continuous renal replacement therapy (CRRT) was invented to
overcome limitations of intermittent hemodialysis in critically ill
patients with acute renal failure who are not stable enough to
handle the hemodynamic stresses. Therefore, in 1977, continuous
arteriovenous hemofiltration was first used to treat 12 patients
suffering from renal failure and severe fluid overload. Continuous
arteriovenous hemofiltration, however, requires both arterial and
venous catheters, while its driving pressure relies on the patient's
mean arterial pressure. In the early 1990s, venovenous therapy was
introduced as a more superior technique compared to arteriove-
nous therapy, with more reliable flow rate via circuit rather than
patient's own blood pressure and avoidance of complications
associated with arterial catheterization [1].
2. Continuous renal replacement therapy modalities and
functions

Continuous renal replacement therapy is a type of renal
replacement therapy modality that is frequently used in the critical
care setting due to its capability in maintaining stable hemody-
namic [2]. In order to prevent hemodynamic fluctuation during
renal replacement therapy, CRRT provides slower solute and vol-
ume clearance per unit time, which usually takes 24 h a day. In
CRRT, solute and volume clearance are gained by convection
(hemofiltration), diffusion (hemodialysis), or a combination of both
of these methods [3,4].

There are several types of CRRT techniques that has been
developed and frequently used nowadays including continuous
venovenous hemofiltration, continuous venovenous hemodialysis,
or continuous venovenous hemodiafiltration. The differences be-
tween these types are based on the mechanism of fluid and solute
clearance [2].

Continuous venovenous hemofiltration produces high-rate ul-
trafiltration across semipermeable hemofilter membrane that is
made by hydrostatic gradient pressure whereas solute clearance in
continuous venovenous hemofiltration happens through convection.
In continuous venovenous hemodialysis modes, solute clearance
happens through diffusion from blood to dialysate which is perfused
across the external surface of themembrane. Continuousvenovenous
hemodiafiltration is a hybrid mode which combines the dialysate
flow of continuous venovenous hemodialysis and high ultrafiltration
rate of continuous venovenous hemofiltration and the use of fluid
replacement. The hybrid combination of these two modes provide
clearance of low molecular weight solute (<500e1.500 Da) and
higher molecular weight solute (1.000e20.000 Da) which happened
through convection. In addition to diffusion and convection, solute
absorption through the membrane binding site contribute to the
overall solute clearance in CRRT [3].
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3. Continuous renal replacement therapy indications

Generally, indication for CRRT is the same with renal replace-
ment therapy which include volume overload, severe metabolic
acidosis, electrolyte disturbances, and uremic symptoms. Other
than these absolute indications for CRRT, acute progressive
declining in renal function could also be one of the considerations.
More detailed explanation about CRRT indications are described in
other review articles elsewhere [2e5].

3.1. Volume overload

In patients with acute renal injury, volume overload occurs due
to the diminished ability of the kidneys to maintain fluid and
electrolyte balances under resuscitation condition (IV crystalloid,
blood products, medication) which result in fluid accumulation in
both interstitial and intravascular compartments. This condition
may happen in patients with or without previous oliguric or anuric
condition. In patient with volume overload, renal replacement
therapy is usually started when there is a sign of organ dysfunction
and is refractory to loop diuretic agents [6].

3.2. Acid-base abnormalities

Impaired renal function results in the increase of anion which
causes metabolic acidosis. Severe metabolic acidosis condition that
does not respond towards alkali administration or is refractory to
any treatments would benefit from the usage CRRT. CRRT is usually
suggested when the arterial blood pH is less than 7.1 and bicar-
bonate level is lower than 12 mmol/L [7].

3.3. Electrolyte abnormality

Hyperkalemia is the most frequently observed electrolyte ab-
normality in acute kidney injury patients that can result in malig-
nant arrythmias and cardiotoxicity. Refractory hyperkalemia
(>6,5 mmol/L despite medical treatment) is one of the absolute
indications of renal replacement therapy. CRRT provides effective
slower correction of potassium plasma. Other electrolyte abnor-
mality that should be a factor of consideration in initiating CRRTare
hyper- or hyponatremia and hyperphosphatemia [8].

3.4. Progressive azotemia and uremia

Severe and late uremic symptoms such as uremic encephalop-
athy and uremic pericarditis is an indication for immediate renal
replacement therapy. Other manifestations of uremia in acute
kidney injury patients which should be put in consideration are
platelet dysfunction, impaired nutrition, increased susceptibility to
infection and sepsis, heart failure, and pulmonary edema. For these
reasons, there has been a rising debate whether prophylactic renal
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replacement therapy should be done prior to the development of
severe uremic manifestation.

3.5. Drug and toxin removal

Renal replacement therapy can be used to clear up drug and
toxins from circulation although intermittent hemodialysis is more
preferable than CRRT in this setting due to its rapid clearance,
which can prevent the emergence of serious complication. Renal
replacement therapy is effective to remove smaller molecules (non-
protein bound) such as toxic alcohols, lithium, salicylate, valproic
acid, and metformin.

3.6. Epidemiology of acute kidney injury in COVID-19

Although majority of COVID-19 cases are considerably mild,
around 13.8e25.5% of cases are considered as severe cases [9,10],
while 5e6% of the patients require mechanical ventilation or
intensive care unit treatment and are considered as critically severe
cases [11,12]. Severe cases are described as having either: (1) res-
piratory rate >30x/minute, (2) SaO 2 �93%, or (3) PaO2/FiO2 ratio
�300 mmHg [13]. Whereas critically severe cases are described as
having either: (1) shock, (2) respiratory failure which require the
use of mechanical ventilation, or (3) other organ failure and
requirement of intensive care unit treatment [13].

Acute kidney injury, a form of organ failure, is found in 3e15% of
COVID-19 patients [14,15], and even higher in COVID-19 patients
who were admitted to the intensive care unit (14.5e50%) [14,16],
and therefore is highly implicated in critically severe cases of
COVID-19. Acute kidney injury is also an independent risk factor of
increased mortality in COVID-19 patients [15]. Among COVID-19
patients who developed acute kidney injury, about 1.5e9% [17,18]
of them required CRRT, and the requirement was found even higher
(5.6e23%) [19,20] among severe cases. Despite the efforts, mor-
tality rate of COVID-19 patients receiving renal replacement ther-
apy is unfortunately also high, varying from 51.6 to 100%
[11,21e24].

3.7. Etiology and pathophysiology of AKI in COVID-19

Although the exact mechanism of acute kidney injury in COVID-
19 is still unclear, COVID-19 acute kidney injury is mostly believed
to be a part of collateral damage from the body's excessive in-
flammatory reaction against COVID-19, which leads to multi-organ
failure, rather than its specific clinical feature. Patients from other
types of viral infection, such as H1N1 influenza, had also been re-
ported to develop acute kidney injury in a similar number of inci-
dence (18% of H1N1 patients develop acute kidney injury, similar to
3e15% of COVID-19 patients) [25].

The mechanism of injury seems to be due to acute tubular ne-
crosis incurred by sepsis and shock. COVID-19 is also known to
activate pro-thrombotic statewhichmay affect the kidneys, causing
damages to the renal microcirculation. Histopathological findings
post-mortem of COVID-19 patients showed erythrocyte aggregates
and microthrombi in peritubular capillaries of the kidneys [26].

Another possible mechanism is the relationship between SARS-
CoV-2 and angiotensin-converting-enzyme-2 (ACE2) receptors.
ACE-2 receptors are found plentiful in the kidneys and SARS-CoV-2
are known to bind to them, this relationship might have a role in
acute kidney injury pathophysiology via direct cytopathic effects
[27]. A post-mortem study reported the findings of SARS-CoV-2
particles within the kidneys of non-survivors, this suggests that
direct invasion of the kidneys do happen [28]. In contrast, a case
report described that in a COVID-19 positive patient who developed
acute kidney injury, they did not find viral genetic materials in his
14
genito-urinary system [29]. These conflicting reports indicate that
much is still unknown about the prevalence and the clinical sig-
nificance of direct viral invasion in COVID-19 acute kidney injury.

3.8. Management of acute kidney injury in COVID-19

In any case, prevention of acute kidney injury development
should be the top priority, but when acute kidney injury has
already developed, efforts should be made to prevent progression
to more severe stages of acute kidney injury. Up to date, there is no
specific management of acute kidney injury in COVID-19 patients,
management is still based on general guidelines of acute kidney
injury by Kidney Disease: Improving Global Outcomes (KDIGO)
[30,31]. Indeed, very few studies already published described the
use of CRRT in COVID-19 acute kidney injury and its efficacy, and
most literature relating to COVID-19 acute kidney injury used
Kidney Disease: Improving Global Outcomes guideline as the basic
recommendation. Because there is yet evidence to state that
COVID-19 acute kidney injury is significantly different to acute
kidney injury caused by other disease, several aspects described in
this section are based on acute kidney injury in critically ill pa-
tients/septic conditions from etiologies other than COVID.

Several conditions that are associated with acute kidney injury
and COVID-19 are: hemodynamic disturbance, hypovolemia,
inflammation process and cytokine release, fluid overload, hyper-
coagulable process, and cardiogenic shock. Both hemodynamic
disturbance and hypovolemia result in poor circulation and thus
renal perfusion, therefore fluid resuscitation and restoration of
hemodynamic are vital to prevent further acute kidney injury
progression. Viral infection, inflammatory reaction, and cytokine
release may cause direct insult to kidney cells, interstitial inflam-
mation, and even contribute to hemodynamic instability. Unfor-
tunately, standardized and effective management for these
conditions have not been found. The role of antivirals, ACE2 re-
ceptor blockers, anti-inflammatory drugs, and extracorporeal
cytokine removal is still under investigations. When there is fluid
overload, diuretics and renal replacement therapy may be useful to
alleviate renal congestion. COVID-19 is strongly associated with
hypercoagulable state, where obstruction of renal microcirculation
has been shown in post-mortem study, however the role of anti-
coagulant in specifically prevent acute kidney injury due to
microthrombi has not been studied. Lastly, cardiogenic shock may
also be associated with acute kidney injury due to cardiorenal
syndrome and potential strategies to prevent worsening is by
optimization of cardiac output [32].

3.9. Indications of renal replacement therapy in COVID-19 patients

Due to still lack of evidence, indications for renal replacement
therapy in COVID-19 patients are the same with patients without
COVID-19, which include severe electrolyte imbalance and meta-
bolic acidosis, uremia and uremic pericarditis, or hypervolemia
[25]. However, hypervolemic COVID-19 patients with severe
ventilator dependent respiratory failure (VDRF) may benefit from
early initiation of renal replacement therapy because volume
overload in this case reduces the efficacy of ventilator support [25].

Cytokine storm syndrome, which involve the uncontrolled and
extravagant release of cytokines and may result in disseminated
intravascular coagulation, endothelial dysfunction, and finally
multiple organ dysfunction syndromes, has been proposed as one
mechanism to explain the pathogenesis of severe COVID-19 [33,34].
It was reported that severely ill COVID-19 patients in Wuhan had
significantly higher levels of pro-inflammatory cytokines (IP10,
MCP1, MIP1a and TNF a) compared to patients withmild symptoms
[35]. CRRT may also offer a potential role in blood purification to
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remove inflammatory factors in severe COVID-19 patients with
high inflammatory response [13].

3.10. Continuous renal replacement therapy use in COVID-19
patients

Similar to acute kidney injury without COVID-19, management
mostly include general and supportive management, with renal
replacement therapy initiated when necessary [25]. National In-
stitutes of Health (NIH) COVID-19 Treatment Guidelines Panel
recommends the use of CRRT in COVID-19 patients who develop
acute kidney injury if available, if not the Panel recommends pro-
longed intermittent renal replacement therapy rather than inter-
mittent hemodialysis [36]. The two earlier modalities are preferred
than the later because they do not require a dedicating nurse to
oversee the procedure, which helps limit interactions between the
infected and the non-infected. Meanwhile, CRRT is more preferred
rather than prolonged intermittent renal replacement therapy
because dosing is more easily optimized [30,37].

There has not been evidence that CRRT is more superior than
intermittent hemodialysis in providing better renal recovery or
reducing mortality, however CRRT is associated with more stable
hemodynamics in patients with unstable hemodynamics. This
advantage is believed due to slower rates of fluid and solute
removal [30,37].

3.11. Dosing and initiation timing

Three different modalities in CRRT: continuous venovenous
hemodialysis, continuous venovenous hemofiltration, and contin-
uous venovenous hemodiafiltration can be used for COVID-19 pa-
tients, however continuous venovenous hemodialysis or
continuous venovenous hemodiafiltration are preferable because
they have lower risk of circuit clotting (in regard to COVID-19 hy-
percoagulable state) [30]. CRRT dosing for COVID-19 patients
generally follow the same guidelines as non-COVID-19 patients
based on Kidney Disease: Improving Global Outcomes. Recom-
mendation for pre-dilution filter is 25e30 mL/kg/h, while for post-
dilution filter is 20e25 mL/kg/h. On special occasions, high volume
hemofiltration is used to help remove inflammatory mediators,
usually in severe sepsis. The recommended clearance dose
is > 35 mL/kg/h [25].

It should be noted, however, that there are still conflicting re-
ports regarding the optimum dosing of CRRT for blood purification
purposes in severe septic patients. An early prospective random-
ized trial compared 15 days mortality between three groups of
patients with acute renal failure: those assigned ultrafiltration at
20mL/kg/h (group 1), 35mL/kg/h (group 2), and 45mL/kg/h (group
3) [38]. The authors concluded that mortality was significantly
higher in group 1 compared to group 2 and group 3, with no sig-
nificant difference between group 2 and group 3 [38]. Other more
recent study, however, reported that there was no significant dif-
ference in 90 days mortality between critically ill patients with
acute kidney injury and sepsis or at least one other organ failure
receiving higher intensity (40mL/kg/h) and lower intensity (25mL/
kg/h) effluent flow [39]. Another multicenter randomized
controlled trial compared the 28-day mortality between 140 criti-
cally ill patients with acute kidney injury and septic shock who
were assigned to either standard volume hemofiltration (35mL/kg/
h) or high volume hemofiltration (70 mL/kg/h) [40]. They found
that high volume hemofiltration did not decrease 28-day mortality
[40]. Large, multicenter randomized controlled trial s are necessary
to standardize and formulate the optimum dosing for CRRT, espe-
cially for severely septic patients who may benefit from inflam-
matory mediators removal.
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Initiation of CRRT is another matter of open debate. A study
comparing outcomes of early initiation (within 8 h of diagnosis of
acute kidney injury by KDIGO stage 2) versus delayed initiation
(within 12 h of stage 3 acute kidney injury or no initiation) of CRRT
in 231 patients [41]. The study reported that early initiation of renal
replacement therapy decreased 90-days mortality [41]. In contrast,
another randomized controlled trial involving 477 patients studied
the 90-days mortality between the initiation of CRRT within 12 h of
acute kidney injury (early strategy) and a delay of 48 h (delayed
strategy) [42]. They concluded that there was no significant dif-
ference in overall mortality at 90 days between the two groups [42].

Guidelines for Novel Coronavirus Infection Prevention and
Treatment (trial 7th edition) published by the Chinese National
Health Commission recommended the use of blood purification
therapies to improve the high inflammatory state of severe and
critically severe COVID-19 patients [13]. The guideline recom-
mended blood purification system to be initiated in the early or
middle stage of cytokine storm, but did not clarify the exact timing
any further [13].

It has been suggested that in COVID-19 disease progress there is
a window period of 5e7 days between the diagnosis and the onset
of multiple organ dysfunction syndromes, while the median time
between disease onset and intensive care unit admission is 10.5
days [35,43]. Elevated D-dimer (>0.28 mg/L) and IL-6 (>24.3 pg/mL)
levels are excellent predictors of severe pneumonia with 93.3%
sensitivity and 96.4% specificity [44]. But even with all these data
gathered, the perfect timing to initiate blood purification therapy is
still a mystery.

3.12. Membrane for cytokine removal

Initially the rationale behind the extracorporeal blood purifi-
cation in sepsis patient is to reached the “immune homeostasis”.
Based on this theory, blood purification technique such as hemo-
filtration, hemodialysis, and so on, were hoped to be able to control
the potential damaged that was induced by the dysregulated im-
mune response. Then this theory leads to a hypothesis, where all
the proinflammatory cytokines are being removed at a given rate
will cause a cytokine gradient between the blood stream and tis-
sues which will enhance leucocyte trafficking. Other than cytokines
removal, the usage of CRRT's membrane in sepsis could also reduce
the burden of capillary leaks and adsorbs the amplified cytokine
levels. Capillary leaks caused by cytokines storm may induce the
global increased permeability syndrome, which could lead to a
positive cumulative fluid balance and causing the onset of organ
dysfunction.

For inflammatory factors removal, specific filtration membranes
need to be evaluated. Inflammatory factors and cytokines such as
IL-1, IL-6, and TNF-a are macromolecules, varying in size from 8 to
60 kDa, meanwhile standard filtration membranes only effectively
remove molecules within 10e30 kDa. Therefore, high cutoff filters,
which membranes have high permeability (pore sizes
60e150 kDa), have been developed for blood purification purposes
[45]. In lethal Staphylococcus aureus-induced sepsis animal
models, high cutoff filters were reported to be more superior than
conventional hemofiltration in improving survival [46]. In human,
it was shown to be safely used in septic shock patients in regard to
coagulation status and cardiovascular hemodynamics, it was also
reported to have high filtration capacity of IL-6, but poor capability
in eliminating TNF-a [47]. Even so, a recent double-blind ran-
domized controlled trial involving critically-ill acute kidney injury
patients requiring vasopressor compared the use of high cutoff
filters and standard hemofiltration and concluded that there was
no significant difference in either in-hospital mortality or duration
of vasopressor support between the two groups [48].
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An in vitro study compared the performance of three single-use
blood purification devices which claim to be capable of removing
sepsis-associated mediators and endotoxins: oXiris® (Gambro-
Hospal, France), CytoSorb® (Cytosorbents, USA), and Toraymyxin®
(Toray Industries, Japan) [49]. They reported that oXiris and Cyto-
Sorb were able to remove inflammatory mediators in higher rate
compared to Toraymyxin, but oXiris and Toraymyxin were superior
than CytoSorb in removing endotoxin (lipopolysaccharide) [49]. A
prospective case series study with historical controls reported that
the use of continuous venovenous haemofiltration using oXiris
haemofilter significantly reduced the sequential organ failure
assessment (SOFA) score at 48 h post-initiation, although there was
no significant difference in mortality between the group treated
with oXiris and the historical control group treated using
polysulfone-based haemofilter [50]. Another study, though, re-
ported better outcomes of the oXiris treatment, including: lower
in-hospital mortality [51], improvement of lactic acid levels and
acidosis status [51], and the benefit of not having to use anti-
coagulation in patients with increased risk of bleeding because of
its special heparin-coated column design [52].

3.13. Vascular access

Adapa et al. recommended the site of vascular access for renal
replacement therapy in COVID-19 acute kidney injury to be internal
jugular or subclavian vein first, with femoral vein as the last
alternative, although they did not explain further about the ratio-
nale [25]. Kidney Disease: Improving Global Outcomes Clinical
Practice Guideline for Acute Kidney Injury, however, recommends
the use of right jugular vein as the first choice, followed by femoral
vein, left jugular vein, and subclavian vein as the last choice. They
explained that subclavian veins are least recommended due to their
high risk of catheter-related thrombosis and stenosis. Meanwhile,
femoral veins are known for higher risk of infections. Right jugular
vein is the most recommended because it has a straight course and
therefore catheter inserted should have least contact with vessel
wall, and consequently least risk of experiencing thrombosis and
stenosis [31].

Catheter length for these veins is adjusted accordingly. Basic
guideline of preferred catheter insertion site and catheter length
during COVID-19 pandemic is as follow: 15 cm for right internal
jugular vein, 20 cm for left internal jugular vein, 15e20 cm for right
subclavian vein, 20 cm for left subclavian vein, and 25 cm for
femoral vein [32].

3.14. Anticoagulation

Due to hypercoagulable state of COVID-19, systemic anti-
coagulation should be provided to avoid filter clotting. In patients
with normal or hyper-coagulable state, anticoagulation given is
based on hospital protocols (can be either heparin or citrate-based
anticoagulation) [25]. Although Kidney Disease: Improving Global
Outcomes recommends regional citrate anticoagulation rather than
heparin if there are no contraindications, citrate-based anti-
coagulation is not recommended when its protocol is not regularly
practiced within the hospital [25]. A meta-analysis comparing the
use of heparin and citrate-based anticoagulation for CRRT reported
that their efficacy was similar, but citrate-based anticoagulation
was associated with significantly lower risk of bleeding, and
therefore advised its use in patients with tendencies to bleed who
require CRRT [53].

When using unfractionated heparin infusion, the plasma pro-
thrombin time (PPT) target is usually 60e80 s [25]. Patients with
thrombocytopenia or international normalized ratio (INR)
(INR) > 1.5 are not advised to be given anticoagulation [25]. Some
16
studies, however, recommends giving argatroban as an alternative
in patients with heparin-induced thrombocytopenia. Argatroban, a
direct thrombin inhibitor, has been shown to be safe to use in pa-
tients with heparin-induced thrombocytopenia undergoing he-
modialysis and CRRT [54e56].

3.15. Drug dosing adjustment

Determining the appropriate medication dosage in patient with
renal replacement therapy is somehowmore complicated. In order
to get the correct therapeutic dosages, one must calculate the drug
removal from the extracorporeal membrane, residual kidney
function, changes in drugs volume distribution and protein bind-
ing. These matters are particularly important while treating septic
patient with acute kidney injury on CRRT who need antimicrobial
treatment.

Antimicrobial drug clearance in CRRT patient depends on its
molecular weight, protein binding properties, and volume distri-
butionwhich may differ for certain type of antibiotics. Other things
that should be put in consideration is the type of CRRT modes,
duration and intensity which influences the solute clearance. Un-
derstanding these methods of drugs clearance is especially needed
for narrow therapeutical window antimicrobial such as Amikacin
and Vancomycin.

The same thing also applied for the antiviral therapy in COVID-
19 patients. Drug removal through CRRT depends on their physi-
ochemical properties and pharmacokinetic variables (such as mo-
lecular weight, volume of distribution, and protein binding).
Hydrophilic drugs such as favipiravir and remdesivir are easily
removed from circulation via CRRT. Remdesivir has low molecular
weight, and moderate protein binding, which will make it easier to
be removed from the circulation, thus higher dose is needed. Other
medication such as favipiravir, has smaller molecular weight, low
volume of distribution and low protein binding which should be
easily removed by CRRT, but some study showed that elevated
favipiravir volume of distribution and elimination rates during
CRRT is equal to normal patient. Therefore, dosage adjustment is
not recommended. On the other hand, lopinavir/ritonavir and azi-
thromycin has high protein binding property and high volume of
distribution which make them difficult to remove by the CRRT
[57,58].

Generally, CRRT will clear out almost all the low molecular
weight drugs that are non-protein bound depends on the effluent
flow. On the other hand, the estimated clearance for the protein
bound medication should be measured based on the percentage of
the unbound fraction. Medications which blood concentration are
measurable, should be adjusted according to their pharmacokinetic
property. Meanwhile, medication with observable clinical effects
such as analgesics, hypnotic agents, vasopressor and inotropes,
doses adjustment should be titrated until the desired effect is
reached [58].

4. Conclusion

The incidence of acute kidney injury in critically severe cases of
COVID-19 is quite high, and while continuous renal replacement
therapy is recommended as the chosen renal replacement therapy,
the mortality is still high among patients who eventually received
the treatment. Even so, continuous renal replacement therapy has a
potentially important role in improving high inflammatory condi-
tion in severe cases of COVID-19, which is by removing inflam-
matory mediators. The most urgent questions that have to be
figured out now are the effective standard filtration dosing and the
ideal timing to initiate continuous renal replacement therapy to
achieve the most optimum result. If we can find the answers to
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these, we may be one step closer to finding the key treatment for
severe cases of COVID-19 and possibly septic shock caused by other
etiologies.

Funding

The authors did not receive any funding for the manuscript.

Availability of data and materials

Not applicable.

Informed consent

Written informed consent was not necessary because no patient
data has been included in the manuscript.

Ethical approval

Not applicable.

Human rights

Not applicable.

Declaration of competing interest

The authors declare no conflicts of interest.

References

[1] W.L. Macias, B.A. Mueller, S.K. Scarim, M. Robinson, D.W. Rudy, Continuous
venovenous hemofiltration: an alternative to continuous arteriovenous
hemofiltration and hemodiafiltration in acute renal failure, Am. J. Kidney Dis.
18 (4) (1991) 451e458.

[2] J. Cerd�a, C. Ronco, Modalities of continuous renal replacement therapy:
technical and clinical considerations, Semin. Dial. 22 (2) (2009) 114e122.

[3] S. Tandukar, P.M. Palevsky, Continuous renal replacement therapy: who,
when, why, and how, Chest [Internet] 155 (3) (2019) 626e638, https://
doi.org/10.1016/j.chest.2018.09.004. Available from.

[4] A.R. Ahmed, A. Obilana, D. Lappin, Renal replacement therapy in the critical
care setting, Crit Care Res Pract 2019 (Table 1) (2019) 1e11.

[5] A.D. Drummond, M.C. Bellamy, Renal replacement therapy in the intensive
care unit, Curr. Anaesth. Crit. Care 21 (2) (2010) 69e74.

[6] J. Bouchard, S.B. Soroko, G.M. Chertow, J. Himmelfarb, T.A. Ikizler,
E.P. Paganini, et al., Fluid accumulation, survival and recovery of kidney
function in critically ill patients with acute kidney injury, Kidney Int. 76 (4)
(2009) 422e427.

[7] L. Yessayan, J. Yee, S. Frinak, B. Szamosfalvi, Continuous renal replacement
therapy for the management of acid-base and electrolyte imbalances in acute
kidney injury, Adv Chronic Kidney Dis [Internet] 23 (3) (2016) 203e210,
https://doi.org/10.1053/j.ackd.2016.02.005. Available from.

[8] J.A. Kellum, R. Bellomo, C. Ronco, Indications, timing, and patient selection, in:
Continuous Renal Replacement Therapy, second ed., Oxford University Press,
New York, 2016, pp. 48e56.

[9] P. Sun, S. Qie, Z. Liu, J. Ren, K. Li, J. Xi, Clinical characteristics of hospitalized
patients with SARS-CoV-2 infection: a single arm meta-analysis, J. Med. Virol.
92 (6) (2020) 612e617.

[10] Y. Wang, Y. Wang, Y. Chen, Q. Qin, Unique epidemiological and clinical fea-
tures of the emerging 2019 novel coronavirus pneumonia (COVID-19)
implicate special control measures, J. Med. Virol. 92 (6) (2020) 568e576.

[11] X. Yang, Y. Yu, J. Xu, H. Shu, J. Xia, H. Liu, Clinical course and outcomes of
critically ill patients with SARS-CoV-2 pneumonia in Wuhan, China: a single-
centered, retrospective, observational study, Lancet Respir Med 8 (5) (2020)
475e481.

[12] W. Guan, Z. Ni, Y. Hu, W. Liang, Clinical characteristics of coronavirus disease
2019 in China, N. Engl. J. Med. 382 (2020) 1708e1720.

[13] National Health Commission of the People’s Republic of China, Guidelines for
Novel Coronavirus Infection Prevention and Treatment, seventh ed., Trial,
2020.

[14] F. Zhou, T. Yu, R. Du, G. Fan, Y. Liu, Z. Liu, et al., Clinical course and risk factors
for mortality of adult inpatients with COVID-19 in Wuhan, China: a retro-
spective cohort study, Lancet 395 (10229) (2020) 1054e1062.

[15] Y. Cheng, R. Luo, K. Wang, M. Zhang, Z. Wang, L. Dong, et al., Kidney disease is
associated with in-hospital death of patients with COVID-19, Kidney Int. 97
17
(5) (2020) 829e838.
[16] G. Zhang, C. Hu, L. Luo, F. Fang, Y. Chen, J. Li, et al., Clinical features and short-

term outcomes of 221 patients with COVID-19 in Wuhan, China, J. Clin. Virol.
127 (2020) 104364.

[17] D. Wang, B. Hu, C. Hu, F. Zhu, X. Liu, J. Zhang, et al., Clinical characteristics of
138 hospitalized patients with 2019 novel coronavirus-infected pneumonia in
Wuhan, China, J. Am. Med. Assoc. 323 (11) (2020) 1061e1069.

[18] N. Chen, M. Zhou, X. Dong, J. Qu, F. Gong, Y. Han, et al., Epidemiological and
clinical characteristics of 99 cases of 2019 novel coronavirus pneumonia in
Wuhan, China: a descriptive study, Lancet 395 (10223) (2020) 507e513.

[19] X. Yang, Y. Yu, J. Xu, H. Shu, J. Xia, H. Liu, et al., Clinical course and outcomes of
critically ill patients with SARS-CoV-2 pneumonia in Wuhan, China: a single-
centered, retrospective, observational study, Lancet Respir Med 8 (5) (2020)
475e482.

[20] W. Guan, Z. Ni, Y. Hu, W. Liang, C. Ou, J. He, et al., Clinical characteristics of
coronavirus disease 2019 in China, N. Engl. J. Med. 382 (2020) 1708e1720.

[21] S. Richardson, J. Hirsch, M. Narasimhan, Presenting characteristics, comor-
bidities, and outcomes among 5700 patients hospitalized with COVID-19 in
the New York City area, J. Am. Med. Assoc. 323 (20) (2020) 2052e2059.

[22] Q. Ruan, K. Yang, W. Wang, L. Jiang, J. Song, Clinical predictors of mortality due
to COVID-19 based on an analysis of data of 150 patients from Wuhan, China,
Intensive Care Med. 3 (2020) 1e3.

[23] J. Hirsch, J. Ng, D. Ross, Acute kidney injury in patients hospitalized with
COVID-19, Kidney Int. 98 (1) (2020) 209e218.

[24] T. Wilbers, M. Koning, Renal replacement therapy in critically ill patients with
COVID-19: a retrospective study investigating mortality, renal recovery and
filter lifetime, J. Crit. Care 60 (2020) 103e105.

[25] S. Adapa, N.R. Aeddula, V.M. Konala, A. Chenna, S. Naramala, B.R. Madhira, et
al., COVID-19 and renal failure: challenges in the delivery of renal replace-
ment therapy, J. Clin. Med. Res. 12 (5) (2020) 276e285.

[26] H. Su, M. Yang, C. Wan, L. Yi, F. Tang, H. Zhu, Renal histopathological analysis
of 26 postmortem findings of patients with COVID-19 in China, Kidney Int. 98
(1) (2020) 219e227.

[27] J.H.B. Hardenberg, F.C. Luft, Covid-19, ACE2 and the kidney, Acta Physiol. 230
(1) (2020).

[28] E. Farkash, A. Wilson, J. Jentzen, Ultrastructural evidence for direct renal
infection with SARS-CoV-2, J. Am. Soc. Nephrol. 31 (8) (2020) 1683e1687.

[29] G. Rossi, M. Delsante, F. Pilato, L. Gnetti, L. Gabrielli, G. Rossini, et al., Kidney
biopsy findings in a critically ill COVID-19 patient with dialysis-dependent
acute kidney injury: a case against “SARS-CoV-2 nephropathy, Kidney Int
Rep. 5 (7) (2020) 1100e1105.

[30] M.K. Nadim, L.G. Forni, R.L. Mehta, M.J. Connor, K.D. Liu, M. Ostermann, et al.,
COVID-19-associated acute kidney injury: consensus report of the 25th Acute
Disease Quality Initiative (ADQI) Workgroup, Nat Rev Nephrol [Internet] 16
(12) (2020) 747e764, https://doi.org/10.1038/s41581-020-00356-5. Available
from.

[31] KDIGO., KDIGO, Clinical Practice guideline for acute kidney injury, Off J Int Soc
Nephrol 2 (1) (2012).

[32] M. Ostermann, N. Lumlertgul, L.G. Forni, E. Hoste, What every Intensivist
should know about COVID-19 associated acute kidney injury, J. Crit. Care 60
(2020) 91e95.

[33] C. Wang, J. Xie, L. Zhao, F. Xiaochun, H. Zhang, Y. Tan, Aveolar macrophage
activation and cytokine storm in the pathogenesis of severe COVID-19,
EBioMedicine 57 (2020) 102833.

[34] L. Lin, L. Lu, W. Cao, T. Li, Hypothesis for potential pathogenesis of SARS-CoV-2
infection-a review of immune changes in patients with viral pneumonia,
Emerg. Microb. Infect. 9 (1) (2020) 727e732.

[35] C. Huang, Y. Wang, X. Li, L. Ren, J. Zhao, Y. Hu, et al., Clinical features of pa-
tients infected with 2019 novel coronavirus in Wuhan, China, Lancet 395
(10223) (2020) 497e506.

[36] COVID-19 Treatment Guidelines Panel, Coronavirus Disease 2019 (COVID-19)
Treatment Guidelines, National Institutes of Health, 2021.

[37] L.M. Rizo-Topete, R. Claure-Del Granado, D. Ponce, R. Lombardi, Acute kidney
injury requiring renal replacement therapy during the COVID-19 pandemic:
what are our options for treating it in Latin America? Kidney Int [Internet] 99
(3) (2021) 524e527, https://doi.org/10.1016/j.kint.2020.12.021. Available
from.

[38] C. Ronco, R. Bellomo, P. Homel, A. Brendolan, M. Dan, P. Piccinni, et al., Effects
of different doses in continuous veno-venous haemofiltration on outcomes of
acute renal failure: a prospective randomised trial, Lancet 356 (9223) (2000)
26e30.

[39] R. Bellomo, A. Cass, R. Norton, M. Gallagher, S. Lo, S. Su, et al., Intensity of
continuous renal-replacement therapy in critically ill patients, N. Engl. J. Med.
361 (2009) 1627e1638.

[40] O. Joannes-Boyau, P. Honore, P. Perez, S. Bagshaw, H. Grand, J. Canivet, et al.,
High-volume versus standard-volume haemofiltration for septic shock pa-
tients with acute kidney injury (IVOIRE study): a multicentre randomized
controlled trial, Intensive Care Med. 39 (9) (2013) 1535e1546.

[41] A. Zarbock, J. Kellum, C. Schmidt, H Van Aken, C. Wempe, H. Pavenstadt, et al.,
Effect of early vs delayed initiation of renal replacement therapy on mortality
in critically ill patients with acute kidney injury: the ELAIN randomized
clinical trial, J. Am. Med. Assoc. 315 (20) (2016) 190e199.

[42] S. Barbar, R. Clere-Jehl, A. Bourredjem, R. Hernu, Timing of renal-replacement
therapy in patients with acute kidney injury and sepsis, N. Engl. J. Med. 379
(2018) 1431e1442.

http://refhub.elsevier.com/S2210-8440(21)00086-1/sref1
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref1
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref1
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref1
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref1
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref2
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref2
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref2
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref2
https://doi.org/10.1016/j.chest.2018.09.004
https://doi.org/10.1016/j.chest.2018.09.004
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref4
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref4
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref4
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref5
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref5
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref5
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref6
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref6
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref6
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref6
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref6
https://doi.org/10.1053/j.ackd.2016.02.005
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref8
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref8
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref8
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref8
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref9
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref9
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref9
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref9
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref10
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref10
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref10
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref10
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref11
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref11
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref11
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref11
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref11
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref12
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref12
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref12
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref13
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref13
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref13
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref14
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref14
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref14
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref14
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref15
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref15
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref15
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref15
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref16
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref16
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref16
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref17
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref17
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref17
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref17
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref18
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref18
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref18
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref18
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref19
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref19
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref19
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref19
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref19
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref20
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref20
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref20
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref21
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref21
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref21
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref21
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref22
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref22
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref22
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref22
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref23
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref23
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref23
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref24
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref24
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref24
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref24
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref25
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref25
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref25
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref25
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref26
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref26
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref26
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref26
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref27
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref27
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref28
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref28
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref28
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref29
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref29
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref29
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref29
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref29
https://doi.org/10.1038/s41581-020-00356-5
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref31
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref31
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref32
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref32
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref32
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref32
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref33
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref33
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref33
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref34
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref34
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref34
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref34
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref35
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref35
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref35
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref35
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref36
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref36
https://doi.org/10.1016/j.kint.2020.12.021
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref38
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref38
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref38
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref38
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref38
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref39
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref39
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref39
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref39
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref40
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref40
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref40
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref40
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref40
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref41
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref41
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref41
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref41
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref41
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref42
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref42
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref42
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref42


M.P. Paramitha, J.C. Suyanto and S. Puspitasari Trends in Anaesthesia and Critical Care 39 (2021) 12e18
[43] X. Sun, T. Wang, D. Cai, Z. Hu, J. Chen, H. Liao, et al., Cytokine storm inter-
vention in the early stages of COVID-19 pneumonia, Cytokine Growth Factor
Rev. 53 (2020) 38e42.

[44] Y. Gao, T. Li, M. Han, X. Li, D. Wu, Y X, et al., Diagnostic utility of clinical
laboratory data determinations for patients with the severe COVID-19 92 (7)
(2020) 791e796.

[45] A. Boschetti-de-Fierro, M. Voigt, M. Storr, Extended characterization of a new
class of membranes for blood purification: the high cut-off membranes, Int. J.
Artif. Organs 36 (7) (2013) 455e463.

[46] P. Lee, G. Weger, R. Pryor, J. Matson, Effects of filter pore size on efficacy of
continuous arteriovenous hemofiltration therapy for Staphylococcus aureus-
induced septicemia in immature swine, Crit. Care Med. 26 (1998) 730e737.

[47] S. Morgera, J. Rocktaschel, M. Haase, C. Lehmann, C. Heymann, S. Ziemer, et al.,
Intermittent high permeability hemofiltration in septic patients with acute
renal failure, Intensive Care Med. 29 (11) (2003) 1989e1995.

[48] R. Atan, L. Peck, J. Prowle, E. Licari, G. Eastwood, M. Storr, et al., A double-blind
randomized controlled trial of high cutoff versus standard hemofiltration in
critically ill patients with acute kidney injury, Crit. Care Med. 46 (10) (2018)
e988ee994.

[49] B. Malard, C. Lambert, J. Kellum, In vitro comparison of the adsorption of in-
flammatory mediators by blood purification devices, Intensive Care Med Exp
6 (1) (2018) 12.

[50] H. Shum, K. Chan, M. Kwan, W. Yan, Application of endotoxin and cytokine
adsorption haemofilter in septic acute kidney injury due to Gram-negative
bacterial infection, Hong Kong Med. J. 19 (6) (2013) 491e497.

[51] V. Schwindenhammer, T. Girardot, K. Chaulier, A. Gregoire, C. Monard,
18
L. Huriaux, oXiris(R) use in septic shock: experience of two French centres,
Blood Purif. 47 (Suppl 3) (2019) 1e7.

[52] L. Zhang, G. Yan Tang, S. Liu, J. Cai, W. Chan, Y. Yang, et al., Hemofilter with
adsorptive capacities: case report series, Blood Purif. 47 (Suppl 3) (2019) 1e6.

[53] M.-Y. Wu, Y.-H. Hsu, C.-H. Bai, Y.-F. Lin, C.-H. Wu, K.-W. Tam, Regional citrate
versus heparin anticoagulation for continuous renal replacement therapy: a
meta-analysis of randomized controlled trials, Am. J. Kidney Dis. 59 (6) (2012)
810e818.

[54] A. Link, M. Girndt, S. Selejan, A. Mathes, M. Bohm, H. Rensing, Argatroban for
anticoagulation in continuous renal replacement therapy, Crit. Care Med. 37
(1) (2009) 105e110.

[55] I.Y. Tang, D.S. Cox, K. Patel, B.V. Reddy, L. Nahlik, S. Trevino, et al., Argatroban
and renal replacement therapy in patients with heparin-induced thrombo-
cytopenia, Ann. Pharmacother. 39 (2) (2005) 231e236.

[56] M. Klingele, H. Bomberg, A. Lerner-Graber, D. Fliser, A. Poppleton,
H.J. Schafers, et al., Use of argatroban: experiences in continuous renal
replacement therapy in critically ill patients after cardiac surgery, J. Thorac.
Cardiovasc. Surg. 147 (6) (2014) 1918e1924.

[57] P. Roberto, L. Francesco, C. Emanuela, G. Giorgia, N. Pasquale, D. Sara, Current
treatment of COVID-19 in renal patients: hope or hype? Intern Emerg Med
[Internet] 15 (8) (2020) 1389e1398, https://doi.org/10.1007/s11739-020-
02510-0. Available from.

[58] W. Chaijamorn, D. Rungkitwattanakul, N. Nuchtavorn, T. Charoensareerat,
S. Pattharachayakul, W. Sirikun, et al., Antiviral dosing modification for
coronavirus disease 2019einfected patients receiving extracorporeal therapy,
Crit Care Explor 2 (10) (2020), e0242.

http://refhub.elsevier.com/S2210-8440(21)00086-1/sref43
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref43
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref43
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref43
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref44
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref44
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref44
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref44
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref45
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref45
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref45
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref45
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref46
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref46
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref46
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref46
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref47
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref47
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref47
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref47
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref48
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref48
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref48
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref48
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref48
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref49
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref49
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref49
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref50
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref50
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref50
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref50
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref51
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref51
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref51
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref51
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref52
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref52
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref52
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref53
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref53
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref53
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref53
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref53
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref54
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref54
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref54
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref54
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref55
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref55
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref55
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref55
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref56
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref56
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref56
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref56
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref56
https://doi.org/10.1007/s11739-020-02510-0
https://doi.org/10.1007/s11739-020-02510-0
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref58
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref58
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref58
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref58
http://refhub.elsevier.com/S2210-8440(21)00086-1/sref58

