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Abstract

Background: Coronavirus disease 2019 (COVID-19) may predispose patients to thrombotic events. The best antico-
agulation strategy for continuous renal replacement therapy (CRRT) in such patients is still under debate. The purpose
of this study was to evaluate the impact that different anticoagulation protocols have on filter clotting risk.

Methods: This was a retrospective observational study comparing two different anticoagulation strategies (citrate
only and citrate plus intravenous infusion of unfractionated heparin) in patients with acute kidney injury (AKI), associ-
ated or not with COVID-19 (COV 4 AKI and COV — AKI, respectively), who were submitted to CRRT. Filter clotting risks
were compared among groups.

Results: Between January 2019 and July 2020, 238 patients were evaluated: 188 in the COV + AKI group and 50 in
the COV — AKI group. Filter clotting during the first filter use occurred in 111 patients (46.6%). Heparin use conferred
protection against filter clotting (HR=10.37, 95% Cl 0.25-0.55), resulting in longer filter survival. Bleeding events and
the need for blood transfusion were similar between the citrate only and citrate plus unfractionated heparin strate-
gies. In-hospital mortality was higher among the COV + AKI patients than among the COV — AKI patients, although

it was similar between the COV + AKI patients who received heparin and those who did not. Filter clotting was more
common in patients with D-dimer levels above the median (5990 ng/ml). In the multivariate analysis, heparin was
associated with a lower risk of filter clotting (HR=0.28, 95% CI 0.18-0.43), whereas an elevated D-dimer level and high
hemoglobin were found to be risk factors for circuit clotting. A diagnosis of COVID-19 was marginally associated with
an increased risk of circuit clotting (HR=2.15, 95% Cl 0.99-4.68).

Conclusions: In COV+ AKI patients, adding systemic heparin to standard regional citrate anticoagulation may pro-
long CRRT filter patency by reducing clotting risk with a low risk of complications.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is an extremely lethal agent that results in corona-
virus disease 2019 (COVID-19), which has caused more
than a million deaths worldwide [1]. In the intensive care
unit (ICU), up to 30% of COVID-19 patients develop
acute kidney injury (AKI) and consequently require renal
replacement therapy (RRT) [2].

In patients with severe COVID-19, there have been
reports of endothelial damage and subsequent throm-
botic events, accompanied by elevated levels of fibrino-
gen and D-dimer, which are also predictors of a poor
prognosis [3, 4]. There have also been reports of multi-
ple peripheral and cerebral infarcts, as well as myocardial
infarction with ST-segment elevation, and an increased
incidence of pulmonary embolism [5-7]. Although some
retrospective studies have suggested that anticoagulation
with heparin is beneficial in patients with severe COVID-
19 [8] that is still controversial and there is a need for
more robust scientific evidence.

Hypercoagulability increases the risk of early clotting
of the extracorporeal circuit in patients on continuous
renal replacement therapy (CRRT). Some reports have
suggested that, among critically ill patients on CRRT, the
rates of premature filter change and dialysis downtime
are higher in those with COVID-19 than in those without
[9, 10].

The purpose of this study was to evaluate the impact
that different anticoagulation strategies, namely regional
citrate anticoagulation (RCA) only and RCA plus unfrac-
tionated heparin, have on the risk of CRRT circuit
clotting.

Methods

Study design and population

This was a single-center, retrospective, observational
study, involving critically ill patients treated at a large
tertiary care hospital. From January 2019 to July 2020, all
patients with AKI requiring CRRT were considered for
inclusion in the study.

Until the end of 2019, before the COVID-19 pandemic,
the standard of care for CRRT at our institution was con-
tinuous venovenous hemofiltration (CVVH) with prefilter
dilution, although continuous venovenous hemodialysis
(CVVHD) or continuous venovenous hemodiafiltration
(CVVHDF) was used in some patients. In January 2020,
the CRRT standard became either CVVHD or CVVHDE,
because we believed that there might be a higher risk
of filter clotting in CVVH [11]. All COVID-19 patients
arrived at our institution in 2020, when the new stand-
ard of care was CVVHD or CVVHDE. To better compare
COV+AKI and COV —AKI regarding filter clotting,
only patients receiving CVVHD or CVVHDF were
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included in this study. The first CVVHD or CVVHDF
procedure was included in the analysis, regardless of the
number of readmissions.

We defined AKI on the basis of the Kidney Disease:
Improving Global Outcomes (KDIGO) criteria [12]. We
defined COV 4 AKI as AKI from any cause in SARS-
CoV-2—positive patients, with diagnostic confirmation by
real-time reverse transcriptase—polymerase chain reac-
tion, or in patients who had symptoms of upper or lower
respiratory tract infection and chest computed tomog-
raphy findings suggestive of COVID-19. We defined
COV — AKI as AKI from any cause in patients who did
not have COVID-19.

CRRT prescription

One of three machines was used for CRRT: Diapact (B.
Braun Medical, Inc., Melsungen, Germany), with a 1.0—
2.3 m? polysulfone high-flux filter (Diacap HI; B. Braun
Medical, Inc.), for CVVHD or CVVH; Prisma (Gambro,
Lund, Sweden), with a 0.9 m?> membrane (AN69 M100
filter set; Gambro) for CVVHDF; or Multifiltrate (Fre-
senius, Bad Homburg vor der Hoéhe, Germany), with
a 1.8 m? membrane (AV1000 set; Fresenius), also for
CVVHDE. Post-filter ionized calcium (iCa) was measured
three times per day.

The decision to start CRRT was based on standard clin-
ical guidelines. In all cases, bicarbonate-buffered solution
was used. Filters were routinely changed after 72 h, or
sooner if any dysfunction was detected. A prefilter pres-
sure>270 mmHg was considered indicative of filter clot-
ting. The prescribed dialysis dose was 30 ml/kg of body
weight/h. When CVVHDF was performed, the protocol
was two-thirds dialysis and one third hemofiltration.

Anticoagulation strategies

The main predictor of interest was the type of antico-
agulation strategy employed. Before the COVID-19 pan-
demic, RCA for CRRT at our hospital was performed
with anticoagulant citrate dextrose solution formula A
(ACD-A; JP Industria Farmacéutica, Ribeirdo Preto, Bra-
zil). Each 1000 ml of ACD-A contains 74.8 mmol triso-
dium citrate and 38.1 mmol citric acid (i.e., 112.9 mmol
of citrate/L). The RCA was carried out with 3 mmol of
ACD-A per liter of treated blood, with a target post-
filter iCa concentration of 1.0-1.4 mg/dl. In April 2020,
to counter the higher risk of RRT circuit clotting in
COV + AKI patients, the standard RRT anticoagula-
tion protocol was changed to include prefilter infusion
of unfractionated heparin in all COV+ AKI patients,
unless heparin use was contraindicated or the patient
was already receiving systemic heparin for another rea-
son. In addition, the ACD-A dose was increased to
4 mmol/L, with a target post-filter iCa concentration
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of <1.0 mg/dl. Unfractionated heparin was infused prefil-
ter at a fixed rate of 10 U/kg of body weight/h, which was
not increased to reach a target activated partial throm-
boplastin time (aPTT), although it was decreased if that
value was greater than 2.0 times the control value or dis-
continued if the patient experienced any anticoagulation-
related adverse event. For patients receiving systemic
heparin for indications other than RRT anticoagulation,
the decision to alter the dose of or discontinue heparin
was made by the ICU physician. We divided the sample
into three groups, by the diagnosis of COVID-19 and
the anticoagulation strategy employed: COV —ACD-A
only; COV+ACD-A only; and COV+ACD-A plus
unfractionated heparin (COV+ACD-A+UH). The
COV+ACD-A+UH group included patients receiving
heparin via the protocol described for CRRT and those
receiving systemic heparin for indications other than
RRT anticoagulation.

Data collection

At ICU admission, demographic and clinical data were
recorded. Prior to CRRT, we collected physiological data,
including vital signs, and biochemical data. In COVID-
19 patients, we collected the D-dimer values that were
determined closest to CRRT initiation and those that
were determined closest to the clotting event. For the
COV — AKI patients, D-dimer levels were not measured.

During the first 72 h of CRRT, clinical variables were
evaluated, as were filter patency and any adverse events
that could be related to the anticoagulation agent, such
as bleeding (minor or major) and a low platelet count
(<100,000/mm?). A hemorrhagic event was defined
as any bleeding event reported in the electronic medi-
cal record. It was defined as a major bleeding episode if
accompanied by a drop in hemoglobin of>1 g/dl in 24 h
or as a minor bleeding episode if the drop in hemoglobin
was<1 g/dl in 24 h. In COV + AKI patients, the serum
D-dimer levels determined closest to CRRT initiation
were used in order to stratify the patients.

We investigated CRRT-associated electrolyte distur-
bances from the initiation of CRRT until the day fol-
lowing the first filter replacement. They were defined
as electrolyte disturbances not present at the ini-
tiation of CRRT and meeting the following criteria:
hypokalemia (serum K<3.5 mEq/L), hyperkalemia
(serum K>5.0 mEq/L), hypophosphatemia (serum
P<2.5 mg/dL), hyperphosphatemia (serum P>6.0 mg/
dL), hyponatremia (serum Na<130 mEq/L), hyperna-
tremia (serum Na>150 mEq/L), hypocalcemia (serum
ionized Ca<4.3 mg/dL), hypercalcemia (serum ion-
ized Ca>5.3 mg/dL), alkalosis (pH>7.45), or acidosis
(pH<7.35).
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Blood, tracheal, and urine cultures results were col-
lected for the period from the initiation of CRRT to up to
28 days after CRRT initiation. In-hospital mortality was
also evaluated.

Outcomes

The main outcome of interest was to time to first filter
clotting (in hours) during CRRT. Secondary outcomes
included clotting at 24, 48, and 72 h, as well as (major and
minor) bleeding episodes, the need for blood transfusion,
and a drop in platelet count (to<100,000/mm?), during
the first filter use.

Ethical aspects
The study was approved by the local institutional review
board (Reference no. 33351120.0.0000.0068). This study
was performed in accordance with the Strengthening
the Reporting of Observational Studies in Epidemiology
statement [13].

Statistical analysis

Continuous variables are reported as mean+SD or as
median and interquartile range (IQR), as appropriate.
Categorical variables are summarized as proportions.
The COV—-ACD-A only; COV+ACD-A only; and
COV+ACD-A+UH groups were compared by analy-
sis of variance or Kruskal-Wallis test, as appropriate, for
continuous variables and by chi-square test or Fisher’s
exact test for categorical variables. Differences were con-
sidered statistically significant at p<0.05. Filter survival
was analyzed with Kaplan—Meier estimates. The p-values
were calculated by log-rank test.

Because there were only two patients in the
COV —ACD-A+UH group, they were excluded from
the analysis, given that such a small sample would have
precluded any meaningful analysis and that the inclusion
of such patients was not expected in the initial design of
the study.

We plotted additional Kaplan—Meier curves in an
exploratory analysis of different scenarios, including
CVVH patients excluded in the primary analysis, and
restricting the analysis to specific subgroups. We used
Cox proportional hazards analysis to evaluate the asso-
ciation between each anticoagulation strategy and circuit
clotting risk, adjusting for covariates. Hazard ratios (HRs)
and the corresponding 95% confidence intervals (Cls)
were calculated. Reported p-values in the Cox model are
based on the Wald test. Models 1 and 2 included all 238
subjects and were built on the basis of variables of clinical
relevance. Model 3 was restricted to the 180 patients with
COVID-19-associated AKI in whom D-dimer levels were
measured.
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Statistical analyses were performed and graphics were
generated with the R statistical software, version 4.0.2 (R
Development Core Team, 2020).

Results

We selected 238 patients. A flowchart of the patient
selection process is shown in Fig. 1. Distribution of
CRRT modalities regarding COVID-19 status and use of
heparin are shown in Additional file 1: Table S1. Table 1
shows the baseline characteristics of the patients, by
COVID-19 status and heparin use. In brief, the patients
with COVID-19 were older; the prevalence of hyperten-
sion, diabetes, and obesity was also higher among those
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patients. In the COV + groups, the median arterial oxy-
gen tension/fraction of inspired oxygen ratio was lower
and vasopressor use was more common. In patients with-
out intravenous heparin, COV + patients received more
prophylactic subcutaneous heparin than COV — group.
Patients with a diagnosis of COVID-19 started CRRT at
higher serum blood urea nitrogen values, despite similar
serum creatinine levels. In the COV + groups, CRRT was
performed with lower blood flow and a higher dialysate
flow. In addition, the COV + patients received higher
citrate dose as regional anticoagulation. The post-filter
iCa was lower in COV + patients than in COV — patients
(Table 1). Despite the fact that the proportion of patients

611 patients requiring
CRRT screened

Excluded (N=371):

- CVVH (N=154)

- Missing data (N=137)

- No ACD-A (N=66)

- Re-admission (N=13)

- RRT connected to ECMO (N=1)

A 4

!

}

Patients with AKI unrelated to COVID-19
(Jan—Dec 2019)

- COV- ACD-A only (N=50)

- COV- ACD-A+UH (N=2)

Patients with COVID-19-associated AKI
(Mar—Jun 2020)

- COV+ ACD-A+UH (N=124)

- COV+ ACD-A only (N=64)

Excluded:*

A

- COV- ACD-A+UH (N=2)

A4

Included in the primary analysis
(N=238)

- COV- ACD-A only (N=50)
- COV+ ACD-A only (N=64)
- COV+ ACD-A+UH (N=124)

A

Fig. 1 Flowchart of the study population selection process. CRRT, continuous renal replacement therapy; CVVH, continuous venovenous
hemofiltration; ACD-A, anticoagulant citrate dextrose solution formula A; RRT, renal replacement therapy; ECMO, extracorporeal membrane
oxygenation; AKI, acute kidney injury; COVID-19, coronavirus disease 2019; COV—, not diagnosed with coronavirus disease 2019; COV+, diagnosed
with coronavirus disease 2019; UH, unfractionated heparin. *Because there were only 2 patients in this category, which precluded any meaningful
analysis, and because the initial study design did not allow for the inclusion of such patients
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Table 1 Characteristics of patients undergoing continuous renal replacement therapy, by coronavirus 2019 disease status and

anticoagulation strategy

Characteristic cov-— Cov+ p
ACD-A only ACD-A only ACD-A+UH
(n=50) (n=64) (n=124)

Age, years, median (IQR) 54.3(42.1-62.9) 64.5 (53.1-70.7) 63.6 (54.3-70.8) <0.001
Male sex, % 68 83 70 0.118
White, % 62 63 68 0.620
BMI>30 kg/m? % 4 27 24 0.005
Hypertension, % 46 69 64 0.034
Diabetes, % 22 45 45 0.012
Mechanical ventilation* % 78 98 95 <0.001
PaO,/FiO, ratio*?, median (IQR) 340 (254-408) 165 (110-252) 160 (105-195) <0.001
Vasopressor use,* % 76 92 93 0.004
Serum creatinine,* mg/dl, median (IQR) 457 (3.15-6.55) 5.12 (3.78-6.20) 1(3.56-7.15) 0.644
Serum BUN,* mg/dl, median (IQR) 764 (565 102) 103 (78.0-130) 102 (73.5-121) 0.003
Total bilirubin,*® mg/dl, median (IQR) 0.73(0.31-2.11) 048 (0.35-0.76) 049 (0.30-0.76) 0111
Hemoglobin,* g/dl, median (IQR) 8.90 (8.10-10. 7) 9.90 (8.00-12.6) 9.95 (8.38-11.7) 0.246
Leukocytes* 10%/mm?, median (IQR) 15.5(9.11-20.5) 15.1 (11.6-22.1) 18.8(12.6; 25.9) 0.028
Platelets,* 10>/mm? median (IQR) 194 (1 OO—326> 262 (135-364) 304 (201-365) 0.006
D-dimer closest to CRRT initiation,“ ng/ml, median (IQR) N/A 6636 (4244-14,020) 5554 (1833-13,968) 0.254
D-dimer closest to filter clotting event,"d ng/ml, median (IQR) N/A 6350 (3971-14,230) 6488 (3122—19,392) 0.736
CRRT modality 0.700

CVVHD, % 84 89 88

CVVHDF, % 16 11 12
Main parameters in CRRT, mean &+ SD

Blood flow, ml/min 1624216 151121 150+ 104 <0.001

Dialysate flow, mil/h 1954 4508 2358 £498 2309+442 <0.001

Replacement flow,” mi/h 1025£410 1057 £351 880+243 0.393

Filtration fraction,” % 10.6+£6.45 21.7+9.60 17.5£495 0.010
Catheter location 0.007

Right internal jugular vein, % 42 47 56

Left internal jugular vein, % 22 6 4

Femoral vein, % 36 47 40

Non-tunneled catheter, % 98 100 98 0.661
Subcutaneous heparin for VTE prophylaxis, % 58 84 35 <0.001
Target citrate concentration <0.001

2-3 mmol/L, % 96 17 6

4-5 mmol/L, % 4 83 94
Mean post-filter ionized Ca,* mg/d LS, median (IQR) 1.36 (1.19-1.48) 1.06 (0.91-1.23) 1.06 (0.94-1.18) <0.001
Mean post-filter ionized Ca<1.0,° % 12 36 35 0017
Mean post-filter ionized Ca< 14,5 % 61 91 96 <0.001

COV—, not diagnosed with coronavirus disease 2019; COV+, diagnosed with coronavirus disease 2019; ACD-A, anticoagulant citrate dextrose solution formula

A; UH, unfractionated heparin; IQR, interquartile range; BMI, body mass index; PaO,/FiO,, arterial oxygen tension/fraction of inspired oxygen; BUN, blood urea

nitrogen; CRRT, continuous renal replacement therapy; SD, standard deviation; CVVHD, continuous venovenous hemodialysis; CYVHDF, continuous venovenous

hemodiafiltration; VTE, venous thromboembolism

*At start of CRRT; TOnly in patients who presented filter clotting; *Only in patients submitted to CVVHDF (n = 30); *Mean of all measurements during CRRT

2n=229;°n=191;n=181;9=85;°n=197
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with a high target citrate concentration was lower in the
COV + ACD-A group than in the COV+ACD-A+UH
group (p=0.022), the post-filter iCa was comparable
between the two groups (p =0.699).

Heparin, filter life, and bleeding-related adverse events

Of the patients in our sample, 71.8% received prefilter
heparin and 28.2% received systemic heparin. Of the 238
patients evaluated, 111 (46.6%) experienced clotting-cen-
sored filter loss during the first filter use. Figure 2 depicts
Kaplan—Meier estimates showing that filter survival was
longer in patients receiving heparin than in the other
patients.

Filter survival was longer in the COV + ACD-A 4+ UH
group than in the two other groups (Fig. 3). Likewise,
when we analyzed only the patients diagnosed with
COVID-19, we found that heparin still reduced the risk
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of filter clotting (Fig. 4). In comparison with ACD-A only,
heparin was associated with a lower likelihood of filter
clotting, whether it was given prefilter (HR=0.45, 95%
CI 0.24-0.86, p=0.015) or systemically (HR=0.35, 95%
CI 0.23-0.54, p<0.001), as shown in Additional file 1:
Figure S1.

An exploratory analysis including the patients under-
going CVVH, who were excluded from the main analy-
sis, showed that filter survival was still longer in the
ACD-A+UH group than in the ACD-A only group
(Additional file 1: Figure S2).

In our sample, filter survival was longer among the
patients submitted to CVVHDF than among those sub-
mitted to CVVHD or CVVH (Additional file 1: Figure
S3), and a comparison between CVVHD and CVVH sug-
gested that CVVHD is better than CVVH regarding filter
clotting (Additional file 1: Figure S4). However, because
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Fig. 2 Kaplan-Meier estimate of filter clotting during the first filter use in continuous renal replacement therapy (CRRT) using anticoagulant citrate
dextrose solution formula A (ACD-A), with and without unfractionated heparin (UH)
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Fig. 3 Kaplan—-Meier estimate of filter clotting during the first filter use in continuous renal replacement therapy (CRRT) using anticoagulant citrate
dextrose solution formula A (ACD-A), with and without unfractionated heparin (UH), by group

CVVHD was performed mainly in the COV +group, in
which there was a high frequency of heparin use, and
CVVH was performed mainly in the COV —group, in
which the frequency of heparin use was low, we plotted
a Kaplan—Meier curve restricted to COV — patients with-
out the use of heparin. Additional file 1: Figure S5 shows
that, within that subgroup, the clotting risk was similar
for CVVH and CVVHD.

The median clotting-free filter survival was 47.7 h
(lower limit of the 95% CI of 35.3) in the COV — ACD-A
only group, 256 h (95% CI 18.6-33.2) in the
COV+ ACD-A only group, and 81.9 h (lower limit of
the 95% CI of 62.0) in the COV + ACD-A + UH group.
The 24-h clotting-free filter survival probability (95% CI)
was 81.9% (71.2-94.2) in the COV — ACD-A only group,
52.2% (40.6—67.2) in the COV + ACD-A only group, and

84.2% (77.3-91.7) in the COV+ACD-A+UH group.
The 48-h clotting-free filter survival probability (95% CI)
was 47.1% (32.9-67.6) in the COV — ACD-A only group,
22.3% (13.3-37.3) in the COV + ACD-A only group, and
70.5% (61.6—80.8) in the COV+ACD-A+UH group.
The 72-h clotting-free filter survival probability (95% CI)
was 16.8% (5.5-51.4) in the COV —ACD-A only group,
13.0% (5.8-29.2) in the COV + ACD-A only group, and
55.9% (45.5-68.6) in the COV + ACD-A + UH group.
The rate of heparin-related adverse events was rela-
tively low in our patient sample (Table 2). The difference
among all groups was not significant regarding bleed-
ing episodes (minor and major). A low platelet count
and the need for blood transfusion were more com-
mon among the patients not diagnosed with COVID-
19, although those parameters were similar between the
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Fig. 4 Kaplan-Meier estimate of filter clotting during the first filter use in continuous renal replacement therapy (CRRT) using anticoagulant citrate
dextrose solution formula A (ACD-A), with and without unfractionated heparin (UH), among COVID-19-positive (COV +) patients (COV 4+ ACD-A only
group vs. COV+ ACD-A+ UH group)

COV+ACD-A+UH and COV+ACD-A only groups
(Table 2). Although in-hospital mortality was higher
in both COV+groups than in the COV—ACD-A
only group (Table 2), it was comparable between the
COV + ACD-A 4+ UH and COV + ACD-A only groups.

It is noteworthy that neither the D-dimer levels col-
lected closest to CRRT initiation nor those collected
closest to the clotting event differed between the two
COV +groups (Table 1).

Other potential contributors to filter clotting

We analyzed D-dimer levels determined at two dif-
ferent time points: closest to CRRT initiation and
closest to the clotting event. The median time
between D-dimer determination closest to CRRT

initiation and the actual initiation of CRRT was 47.9
(14.6-184.0) h, and there was no significant differ-
ence between the COV + ACD-A only group and the
COV + ACD-A+UH group—47.9 (13.1-189.1) h and
45.3 (14.6—-172.8) h, respectively. The D-dimer level was
determined more often before CRRT initiation than
after (Additional file 1: Table S2).

The results of the univariate Cox proportional haz-
ards analysis are shown in Table 3. In the multivari-
ate Cox models (Table 4), the risk of filter clotting was
shown to be lower when heparin was used, even after
adjustment for other covariates. Higher hemoglobin
levels were associated with a higher risk of circuit clot-
ting, as were high D-dimer levels. A D-dimer level
above the median (5990 ng/ml) was associated with
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Table 2 Adverse events in patients undergoing continuous renal replacement therapy, by anticoagulation strategy
Event cov — COV+ p p*
ACD-A only ACD-A only ACD-A+UH
(n:50) (n=64) (n: 124)
Minor bleeding episode,” % 8.0 1.7 42 0319 0.665
Major bleeding episode,® % 16.0 5.0 5.0 0.060 1.000
Blood transfusion, % 44.0 234 25.0 0.024 0.954
Platelet count < 100,000,° % 42.0 20.3 134 <0.001 0335
Peak aPTT in the first 72 h of CRRTS, 1.14 (1.01-1.64) 1.30(1.10-1.69) 242(1.70-3.52) <0.001 <0.001
median (IQR)
In-hospital mortality, % 64.0 844 84.7 0.005 1.000
Hypokalemia,d % 16.3 103 10.8 0.556 1.000
Hyperkalemia, % 16.0 6.4 124 0.269 0482
Hypophosphatemia, % 20.5 132 19.8 0.548 0.742
Hyperphosphateria, % 15.2 9.7 18.5 0.304 0.560
Hyponatremia,? % 6.0 0.0 18 0.077 0.549
Hypematremia,h % 20 1.8 09 0.791 1.000
Hypocalcemia,' % 283 29.0 22.5 0.559 0.849
Hypercalcemia, % 255 203 123 0.099 0.356
Alkalosis ¥ % 354 17.0 17.7 0.028 1.000
Acidosis,® % 14.3 129 139 0.974 1.000

COV—, not diagnosed with coronavirus disease 2019; COV+, diagnosed with coronavirus disease 2019; ACD-A, anticoagulant citrate dextrose solution formula A; UH,
unfractionated heparin; aPTT, activated partial thromboplastin time, IQR, interquartile range; CRRT, continuous renal replacement therapy

2n=229;°n=221;"n=193;9 =218, °n=1233,'"n=216,9n=215,"n=219,'n=228,'In=220,*n=214

*Kruskal-Wallis for COV + ACD-A only vs. COV + ACD-A + UH

Table 3 Cox univariate proportional-hazards analysis for filter
clotting during first filter use

Risk factor All patients p

(N=238)

HR (95% ClI)
Heparin use 0.37 (0.25-0.55) <0.001
COVID-19 diagnosis 0.87(0.55-1.38) 0.561
Age, per year increase 1.01 (1.00-1.03) 0.144
Male sex 1.28 (0.83-1.96) 0.266
D-dimer level,* per 1000 increase 1.01 (1.00-1.02) 0.003
Hemoglobin level 1.12(1.04-1.21) 0.003
Platelet count, per 100,000 increase 1.00 (1.00-1.00) 0.299
BUN, per 10 increase 1.00 (0.95-1.04) 0.922
ACD-A 4-5 mmol/L vs. 2-3 mmol/L 0.82 (0.54-1.23) 0.331
Vasopressor use 0.93(0.51-1.70) 0.826
Treatment modality 0.55(0.27-1.14) 0.109
Obesity 1.09 (0.70-1.69) 0.703

HR, hazard ratio; COVID-19, coronavirus disease 2019, BUN, blood urea nitrogen;
ACD-A, anticoagulant citrate dextrose solution formula A

*Value obtained closest to the initiation of renal replacement therapy (median
5990 ng/ml)

more than 2 times higher risk of filter clotting (Table 4).
Figure 5 shows the Kaplan—Meier estimates for filter
survival, by D-dimer level.

In the multivariable Cox regression analysis, neither
the ACD-A dose level nor the CRRT modality repre-
sented risk factors for filter clotting (Table 4). A diagno-
sis of COVID-19 was associated with a nonsignificantly
higher risk of filter clotting (HR =2.15, 95% CI 0.99-4.68,
p=0.053).

Other CRRT-related adverse effects

The main electrolyte disturbances are shown in Table 2.
The median electrolyte levels during CRRT are shown in
Additional file 1: Table S3.

There were few culture-proven infections in our patient
sample, and there were no differences between groups
regarding blood or urine cultures. Positive tracheal cul-
tures were more common in the COV + groups than in
the COV—ACD-A only group, although there were
no differences regarding heparin use (Additional file 1:
Table S4). Time to filter clotting might have had a small
impact on infection rates in our sample. The time from
the initiation of CRRT to filter clotting was found to
correlate weakly with the number of positive cultures
within the first 28 days after CRRT initiation (r=0.13,
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Table 4 Multivariate Cox regression models for first continuous renal replacement therapy circuit clotting in 72 h
Factor Model 1 Model 2* Model 3*
HR (95% CI) p HR (95% CI) p HR (95% Cl) p

Anticoagulation (ACD-A + UH vs. ACD-A only) 0.28(0.18-043) <0.001 0.25(0.16-0.39)  <0.001 0.28(0.18-043) <0.001
Adjustment covariate

COVID-19 diagnosis 2.02 (0.96-4. 24) 0.063 2.15(0.99-4.68) 0.053

ACD-A dose (4-5 mmol/L vs. 2-3 mmol/L) 0.88 (O 46-1 0.699 0.72 (0.36-142) 0344

Hemoglobin level (per 1 g/dl increase) 3(1.0 0.001 1.18(1.08-1.28)  <0.001

Platelet count (per 100,000 increase) 1.00 (1.00-1 OO) 0.015 1.00 (1.00-1.00) 0.070

Age (per year increase) 1.01 (1.00-1.03) 0.115

Male sex 91 (0.57-1.44) 0677

BUN (per unit increase) 1.00 (0.99-1.00) 0.379

ACD-A dose (4 mmol/L vs. 3 mmol/L) 0.72 (0.36-142) 0.344

Median D-dimer level* (> 5990 ng/ml vs. <5990 ng/ml) 1.94 (1.25-3.01) 0.003

HR, hazard ratio; ACD-A, anticoagulant citrate dextrose solution formula A; UH, unfractionated heparin; COVID-19, coronavirus disease 2019; BUN, blood urea nitrogen

*Also adjusted for CRRT modality strata; fanalysis restricted to the 180 patients for whom D-dimer values were available; *value obtained closest to the initiation of

renal replacement therapy (median 5990 ng/ml)

p=0.043), as shown in Additional file 1: Figure S6. The
main reasons for a filter change are shown in Additional
file 1: Table S5.

Discussion

The key finding of this study is that RCA plus infusion of
unfractionated heparin might be superior to RCA alone
for prolonging circuit life and reducing filter losses dur-
ing CRRT in COV + AKI patients, with similar rates of
adverse events (bleeding or the need for blood transfu-
sion). In addition to the increased demand for dialysis,
COVID-19 patients are especially predisposed to throm-
botic events, theoretically increasing the propensity for
filter clotting [9, 14-16]. CRRT filter clotting is a major
concern in critically ill patients because it not only can
result in shortages of medical equipment and consuma-
bles but also may be associated with blood loss and
shorter dialysis times. Therefore, it is crucial to maintain
appropriate, effective anticoagulation during dialysis [(17,
18].

Although it was not the main focus of this study, the
exploratory analysis restricted to the subgroup of hep-
arin-free patients without COVID-19 and including
CVVH patients showed that CVVH did not differ from
CVVHD regarding filter clotting, contrary to our expec-
tations. There could be a number of explanations for
that. Perhaps the clotting risk is in fact similar between
CVVH and CVVHD. It is also possible that the compari-
son was underpowered to detect a difference between
these modalities because of the small number of patients
in the subgroup. In addition, the apparent lack of a differ-
ence might be the consequence of confounders such as
the use of different dialysis machines to perform CVVH,

CVVHD, and CVVHDEF, which is a common practice at
our facility.

Various anticoagulation strategies have been studied
[19]. Randomized controlled trials have shown RCA to
be clearly superior to the use of heparin, with a better
adverse-event profile [19-22]. Unless contraindicated,
citrate is also recommended as the first-line option in
CRRT [12]. However, none of those studies involved
COV + AKI patients or other known prothrombotic fac-
tors. In addition, there have been no studies comparing
the use of the combination of citrate and heparin with
the use of either of those anticoagulation strategies, even
in patients without COVID-19.

Our findings suggest that the use of systemic heparin
plus RCA blunts the excessive prothrombotic effect that
RRT has on filter patency in COVID-19 patients [9, 15,
16]. Although some groups are already using this strategy
informally in the management of CRRT in COVID-19
patients [9, 10, 14, 16], there have been few studies com-
paring different anticoagulation strategies in that context.

Our data are in agreement with the findings of
Shankaranarayanan et al. [10], who showed that, in
COVID-19 patients, the concomitant use of systemic
heparin and citrate could lead to fewer thrombotic events
in CRRT circuits when compared with other strategies,
including citrate alone and heparin alone. Those authors
reported a median filter life of just 21 h for no anticoag-
ulation, compared with 40 h for citrate alone and>72 h
for citrate plus heparin. Similarly, in the present study,
in which no procedures were performed without anti-
coagulation, the median filter survival was 25.6 h for
citrate alone and 81.9 h for heparin associated with cit-
rate. Wen et al. [16] also showed longer circuit life when
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Fig. 5 Kaplan-Meier estimate of filter clotting in the first filter use during continuous renal replacement therapy (CRRT), according to the D-Dimer
median split

heparin-based regimens were used in sustained low-effi-
ciency dialysis.

In the present study, the adverse-event profile was sim-
ilar between the ACD-A only and ACD-A + UH groups.
Heparin use was not found to be associated with lower
platelet counts. We found a low incidence of bleeding
episodes, so it is possible that they may not be sufficient
to determine if adverse events rates are certainly differ-
ent between groups. In addition, our center usually treats
a high number of patients with liver diseases, although
that was not the case during the COVID-19 pandemic
of 2020. Therefore, despite using more heparin, we had
fewer patients with comorbidities related to coagulopa-
thy in the COV + groups, which could explain why plate-
let counts were lower and more blood transfusions were
required in the COV — group patients. However, despite
the relatively small patient sample, ours is the largest

study conducted to date regarding anticoagulation in
CRRT in patients with COVID-19. To our knowledge,
this is also the first report of the safety profile of the hep-
arin-citrate combination in CRRT. We also found that in-
hospital mortality was similar to that previously reported
for patients with AKI, with or without a diagnosis of
COVID-19 [23, 24], COVID-19-associated AKI being the
more lethal of the two.

Another important aspect of the thrombotic poten-
tial of COVID-19 is related to D-dimer levels [1]. In
COVID-19 patients, an elevated D-dimer level has
been shown to be predictive of thrombotic complica-
tions [25]. In the present study, elevated D-dimer levels
were found to predispose to higher rates of filter clot-
ting in CRRT. That differs from the findings of a previ-
ous study comparing diverse anticoagulation strategies
in COVID-19 [16], in which D-dimer levels had no
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apparent effect on circuit clotting. However, that study
evaluated only sustained low-efficiency dialysis, with
a median of<36 h per session in all groups, and the
reported D-dimer levels were much lower. Therefore, it
was not possible to draw comparisons with the present
study.

To our knowledge, ours is the largest study comparing
ACD-A alone and ACD-A plus unfractionated heparin in
CRRT performed in COVID-19 patients. We believe that
it is also the first study to address safety concerns regard-
ing the use of the latter combination.

Our study has some limitations. To meet the chal-
lenge of the potential for clotting in CRRT performed in
COVID-19 patients, we not only added systemic heparin
to the regimen but also increased the ACD-A concentra-
tion and lowered the target post-filter iCa concentration.
Therefore, in the COV + ACD-A+ UH group, the pro-
portion of patients in whom the target citrate concen-
tration was 4—5 mmol/L (rather than 2—-3 mmol/L) was
higher. That outcome may in part be a consequence of
the success of the anticoagulation with ACD-A, which
could reduce its generalizability. That could have influ-
enced our results, although a target citrate concentration
of 4-5 mmol/L was not found to be a protective fac-
tor in the multivariate Cox analysis and did not lead to
lower post-filter iCa when compared with that observed
for the COV+ ACD-A only group. However, the addi-
tion of heparin was found to be consistently associated
with a lower risk of filter clotting, and we believe that
this combined strategy should be adopted in settings in
which there is a high risk of clotting. In addition, because
of the retrospective study design, data regarding D-dimer
levels were not available for the COV — AKI patients. It
would have been interesting to determine whether higher
D-dimer levels are associated with higher mortality.
That would also have allowed us to investigate whether
the higher risk of filter clotting in COV + AKI patients is
attributable solely to D-dimer levels. Furthermore, also
because of the retrospective study design, our results
might be attributable to other, unmeasured co-interven-
tions. Moreover, our study reflects the experience of a
single center in Brazil and therefore may not reflect the
reality for all COV + AKI patients.

Conclusions

In conclusion, the combination of systemic heparin and
RCA appears to extend filter life in COV + AKI patients.
We hypothesize that this strategy would be useful in any
patients who are prone to coagulation events. Prospec-
tive trials are needed in order to confirm or refute our
findings.
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