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Objective: To explore the application of nafamostat mesylate in the
extracorporeal carbon dioxide removal combined with continuous renal
replacement therapy.
Method: We analyzed the cases of 5 patients who underwent extracorporeal
carbon dioxide removal combined with continuous renal replacement therapy
due to severe hypercapnia with acute kidney injury at the Blood Purification
Center of Ruijin Hospital Affiliated to Shanghai Jiao Tong University School of
Medicine from July 2023 toOctober 2024. The treatments were performed using
the OMNI blood purification system (B. Braun Avitum AG, Melsungen, Germany),
equipped with a PMP polymethylpentene membrane lung (1.81 m2, Eurosets
Medolla, Italy), with unhumidified pure oxygen connected to the ECCO2R
membrane lung via an oxygen supply device at a rate of 6–7 L/min, and in
series with the blood filter (OMNIFilter 16, polyethersulfone membrane, 1.6 m2).
CRRT was performed using the CVVH mode, with sodium lactate replacement
fluid at a flow rate of 2–3 L/h. A 14Fr dual-lumen dialysis catheter (ARROW) was
placed under ultrasound-guided puncture in the femoral vein. The
extracorporeal blood flow was maintained between 300 and 400 mL/min.
Continuous infusion of NM (50-30 mg/h) was used to maintain
anticoagulation. Demographic and physiological data were collected
(including vital signs, ventilation parameters, blood gas, electrolytes, DIC, etc.),
with blood sampling points before and after the filter as well as peripheral blood.
Results: Among the 5 patients, there were 2males and 3 females, with an average
age of 83.2 ± 9.6 years old. A total of 22 treatments were administered, with an
average treatment time of 8.8 ± 1.6 h. All patients had primary diseases of severe
pneumonia and chronic obstructive pulmonary disease; among them, 4 had
combined renal injury, and 3 patients were on mechanical ventilation. During the
total of 22 treatments, there was 1 instance of dialyzing tube occlusion which led
to the end of treatment 2 h early, while the other 21 treatments were completed
smoothly, with no occlusion occurring in the filter, ECCO2R membrane lung, or
dialyzing tube. No adverse events such as bleeding occurred in the patients, and
there were no statistically significant differences in APTT and PT after treatment
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compared to before. During the treatment, statistically significant improvements in
PaCO2 and blood pH were observed. Blood pressure, heart rate, and blood oxygen
saturation remained stable.
Conclusion: Extracorporeal carbon dioxide removal combined with continuous
renal replacement therapy can partially replace lung ventilation function and
improve hypercapnia. NM can be used as an anticoagulant in this technology,
with an ideal anticoagulation effect and no significant risk of bleeding.

KEYWORDS

extracorporeal carbon dioxide removal, anticoagulation, nafamostat mesylate,
hypercapnia, CRRT

1 Introduction

Extracorporeal carbon dioxide removal (ECCO2R) is a blood
purification technique that removes carbon dioxide from the blood
through a lower blood flow rate, thereby correcting hypercapnia and
respiratory acidosis, mainly used for lung protective ventilation and
treatment of hypercapnic respiratory failure in acute respiratory
distress syndrome (ARDS) (Gattinoni et al., 1986). As a blood
purification technique, anticoagulation is essential for ensuring
the smooth progress of the treatment. Bleeding has been reported
as one of the main adverse events of ECCO2R (Worku et al., 2023).
Therefore, effective and safe anticoagulation is crucial. Nafamostat
mesylate (NM) is currently being used more widely in China, but its
application in ECCO2R has not been reported. This study aims to
explore the use of NM in ECCO2R combined with continuous renal
replacement therapy (CRRT).

2 Objects and methods

2.1 Research subject

Analysis of 5 patients who underwent extracorporeal carbon
dioxide removal combined with continuous renal replacement
therapy due to severe hypercapnia in the blood purification
center of Shanghai Ruijin Hospital from July 2023 to
October 2024.

2.2 Research methods

2.2.1 Blood purification plan
All cases used ultrasound-guided percutaneous puncture

technology to place a 14Fr double-lumen dialysis catheter
(ARROW) in the femoral vein. Treatment was administered
using the OMNI Blood Purification System (B.Braun Avitum
AG, Melsungen, Germany), which was equipped with a PMP
polymethylpentene membrane lung (1.81 m2, Eurosets Medolla,
Italy). Unhumidified pure oxygen was connected to the ECCO2R
membrane lung via an oxygen supply device at a rate of 6–7 L/min,
and was placed in series before the blood filter (OMNIfilter 16,
polyethersulfone membrane, 1.6 m2). CRRT was performed using
the CVVHmode, with sodium lactate as the replacement fluid and a
replacement fluid volume of 2–3 L/h. The extracorporeal blood flow
was maintained at 300–400 mL/min, with a treatment duration
of 8–12 h.

2.2.2 Anticoagulation plan
Maintain extracorporeal anticoagulation was performed

through continuous infusion of NM(50-30 mg/h), without
loading dose. The initial dose was 50 mg/h at first. The dose was
reduced to 40 mg/h at the 3rd hour and reduced to 30 mg/h at
the 5th hour.

2.2.3 Blood sample collection
Including blood routine (peripheral collection before and after

treatment), blood gas, electrolytes (peripheral collection before and
after treatment, and collection before the pump of NM during
treatment), DIC (peripheral collection before and after treatment,
hourly collection after the filter during the first treatment of cases 1,
2, and 4). The time point for blood collection after treatment was
10 min post-therapy.

2.3 Observation index

2.3.1 Baseline datas
Including age, sex, primary disease, ventilation status, vital signs,

hemoglobin, platelets, prothrombin time (PT), activated partial
thromboplastin time (APTT), blood pH value, oxygen partial
pressure, carbon dioxide partial pressure, bicarbonate concentration.

2.3.2 Dialyzer clotting situation
Clotting assessment: Level 0: No clotting or a few fibrin clots;

Level I: Less than 10% fibrin clots or clustered fibrin clots; Level II:
Less than 50% fibrin clots or severe clotting; Level III: More than
50% fibrin clots, significantly elevated venous pressure, or requires
replacement of the dialyzer (Zhuang et al., 2022).

2.3.3 Vital signs, laboratory tests
The patients’ vital signs, APTT, PT, blood pH value, oxygen

partial pressure, carbon dioxide partial pressure, and bicarbonate
concentration before, during, and after treatment.

2.3.4 Adverse events
Including adverse events such as bleeding, allergies,

arrhythmias, and hyperkalemia.

2.4 Statistical methods

Data processing and analysis were performed using SPSS
26.0 software. Continuous variables were described using mean ±
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TABLE 1 Baseline and treatment conditions.

Case
number

Sex Age Primary
disease

Ventilation
status

No. of
treatment

Early
finish

Time of
treatment
(h/scene)

Blood
flow
(mL/
min)

Gas
flow
(L/
min)

Prognosis

Case 1 F 92 Pneumonia,
COPD

High flow 1 0 8 300 6 improved

Case 2 M 76 Pneumonia,
COPD

mechanical
ventilation

1 1 10 300–370 7 dead

Case 3 M 89 Pneumonia,
COPD

mechanical
ventilation

7 0 9.1 ± 2.0 370–400 7 dead

Case 4 F 70 Pneumonia,
COPD

mechanical
ventilation

3 0 8 370 6 dead

Case 5 F 89 Pneumonia,
COPD

BiPAP 10 0 8.8 ± 1.7 300–350 6 improved

TABLE 2 Blood gas monitoring results before and after treatment.

Case
number

Scene PH PO2(kPa) PCO2(kPa) SO2(%) HCO3
−

(mmol/L)

Before After Before After Before After Before After Before After

Case 1 1 7.32 7.41 8.71 15.12 8.59 7.35 91.7 98.2 28.7 31.4

Case 2 1 7.32 7.39 12.31 19.33 7.79 7.64 93.1 98.5 24.3 26.8

Case 3 1 7.19 7.33 - - 9.08 8.87 98.2 98.3 21.6 21.2

2 7.28 7.27 10.50 10.30 6.97 7.07 98.3 94.6 21.7 24.0

3 7.33 7.36 11.20 11.60 6.67 6.40 98.3 98.5 22.1 22.7

4 7.36 7.34 12.10 11.90 6.40 6.67 98.4 98.3 24.0 24.0

5 7.25 7.27 8.12 9.57 6.80 6.53 91.0 94.3 22.0 23.0

6 7.31 7.35 10.80 12.20 5.87 5.07 93.2 96.1 23.0 25.0

7 7.35 7.41 9.60 13.87 5.87 4.53 95.5 98.7 24.0 25.0

Case 4 1 7.05 7.17 10.10 12.49 10.56 7.50 87.8 94.6 17.2 20.5

2 7.20 7.34 10.62 13.47 7.93 5.32 93.4 96.2 20.1 22.3

3 7.31 7.40 13.72 15.32 7.12 5.01 95.2 97.3 21.4 25.3

Case 5 1 7.21 7.28 14.12 15.07 8.01 7.64 94.3 96.2 21.4 22.3

2 7.24 7.32 13.89 14.01 7.94 7.32 95.1 95.0 20.8 23.1

3 7.29 7.37 15.08 15.11 7.34 6.92 96.3 97.1 21.3 24.4

4 7.25 7.34 14.4 14.8 7.95 7.21 96.3 96.2 20.7 23.1

5 7.28 7.36 14.3 14.2 7.61 7.32 97.1 97.4 20.4 24.2

6 7.31 7.40 15.4 15.32 7.33 6.98 96.1 97.2 22.5 25.1

7 7.32 7.39 15.13 15.16 6.81 6.59 98.1 97.6 23.3 25.6

8 7.35 7.41 15.57 15.34 6.61 6.28 97.2 98.4 23.3 26.4

9 7.37 7.42 14.98 14.6 6.32 5.98 98.3 98.5 23.5 25.8

10 7.37 7.41 15.01 14.9 6.11 5.46 97.3 98.1 24.0 26.1

P Value <0.001 0.016 <0.001 0.003 <0.001
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standard deviation (x ± s), and categorical variables were described
using cases (percentage) [n (%)]. Wilcoxon signed-rank test were
used for comparisons between two groups. Cases 1, 2, and
4 underwent normal distribution testing for APTT and PT
during the first treatment, correlation tests were conducted on
the two sets of data, and the trend of changes was analyzed using
the Mann-Kendall trend test. A difference was considered
statistically significant at P < 0.05.

3 Results

3.1 Baseline and treatment status

Among the 5 patients, there were 2 males and 3 females, with an
average age of 83.2 ± 9.6 years old. All patients had primary diseases of
severe pneumonia and chronic obstructive pulmonary disease (COPD);
all patients had acute kidney injury, the creatinine levels of 4 patients
increased, and 3 patients required mechanical ventilation. A total of

22 treatments were administered, with an average treatment time of 8.8 ±
1.6 h. During the total of 22 treatments, there was 1 instance of dialyzing
tube occlusion which led to the end of treatment 2 h early, while the other
21 treatments were completed successfully. (See Table 1 for details).

3.2 Blood gas monitoring status

During the treatment period, the blood gas results (pH value,
partial pressure of oxygen, partial pressure of carbon dioxide,
oxygen saturation, bicarbonate concentration) of all cases showed
statistically significant improvements. (See Table 2 for details).

3.3 Coagulation indicators and blood routine
monitoring

There were no statistically significant differences in APTT, PT,
FIB, DD, and hemoglobin before and after all 22 treatments, the

TABLE 3 APTT, PT, FIB, D-Dimer, PLT, HB before and after treatment (peripheral collection).

Case
number

APTT(s) PT(s) FIB(g/L) D-Dimer
(ug/mL)

Plt (*109/L) Hb(g/L)

Before After Before After Before After Before After Before After Before After

Case 1 27.80 26.80 11.50 11.10 4.30 3.60 1.13 1.22 120 114 98 101

Case 2 35.00 33.60 12.70 11.80 5.20 5.10 0.92 1.04 212 199 84 80

Case 3 32.60 34.00 11.70 12.20 5.70 5.10 5.55 6.12 101 105 92 90

33.70 33.40 12.00 11.70 4.90 4.70 6.01 6.20 93 95 89 93

31.20 34.20 11.50 12.70 4.50 4.40 5.97 6.10 105 100 91 88

33.40 32.90 12.50 11.80 5.10 5.30 5.60 5.30 94 90 87 87

31.50 32.50 11.80 12.40 4.20 4.00 5.80 5.91 86 89 84 82

32.60 33.40 12.30 12.40 4.50 5.10 5.32 5.10 88 82 87 90

32.70 32.30 12.30 12.00 5.10 5.20 6.13 6.20 91 89 91 93

Case 4 28.60 28.50 11.10 11.30 3.40 3.40 3.18 2.98 78 83 75 71

29.40 29.20 11.80 11.40 3.20 3.10 2.87 2.60 81 79 72 73

32.40 33.50 12.00 12.50 3.50 3.20 2.90 3.10 85 80 74 72

Case 5 39.3 37.3 12.4 12 4.20 3.80 1.20 0.97 213 204 109 106

38.6 38.9 12.2 11.9 3.90 3.97 1.10 0.90 224 217 105 107

35.8 36.2 11.8 12.3 3.40 3.20 0.80 0.91 209 198 110 106

35.6 34.8 11.9 12 3.50 3.20 1.09 1.18 186 193 106 103

33.4 34.2 10.8 11.5 3.40 3.40 1.20 1.08 194 203 103 105

36.20 36.60 11.8 12.1 3.60 3.50 1.30 1.13 214 204 107 103

34.2 34.7 11.2 11.9 3.10 2.90 1.15 1.08 200 191 109 107

31.2 32.4 10.7 11.3 3.20 3.40 0.97 0.87 196 199 105 107

32.4 33.3 11.7 12.3 3.60 3.80 1.12 1.30 191 190 110 106

34.2 33.4 12.2 11.1 3.70 3.60 1.10 1.05 194 189 107 104

P Value 0.389 0.435 0.071 0.638 0.047 0.085
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platelets before and after treatments were 148.0 ± 58.0 vs 145.1 ±
55.8 (P = 0.047) (peripheral collection, see Table 3).

We monitored the hourly peripheral APTT and PT values for
Case 1, which remained within the normal range and showed
significant differences from the post-filter results. Considering the

blood volume drawn, we did not perform this test during treatment
in the remaining patients. (see Table 4).

In cases 1, 2, and 4, the changes in APTT and PT during the first
treatment are shown in Figure 1 (collection after the filter). In case 1, the
averageAPTTwas (106.5 ± 4.6) s and the average PTwas (14.7 ± 1.6) s; the
Mann-Kendall test showed that the Spearman rank correlation coefficient
for APTT was rs = 0.50, P = 0.12, and for PT, it was rs = 0.82, P = 0.02. In
case 2, the averageAPTTwas (111.3± 5.1) s and the averagePTwas (13.2±
0.5) s; the Mann-Kendall test showed that the Spearman rank correlation
coefficient forAPTTwas rs =−0.92, P= 0.001, and for PT, it was rs =−0.83,
P=0.01. In case 4, the averageAPTTwas (115.1± 2.2) s and the averagePT
was (15.6 ± 0.7) s; the Mann-Kendall test showed that the Spearman rank
correlation coefficient for APTTwas rs = −0.14, P = 0.65, and for PT, it was
rs = −0.93, P = 0.01. APTT and PT were normally distributed, with a
Pearson correlation coefficient of 0.483, P = 0.019.

3.4 Dialyzer clotting situation

Judgment of dialyzer clotting: Grade 0 in 2 cases (9.1%), Grade I
in 16 cases (72.7%), Grade II in 3 cases (13.6%), Grade III in 1 case
(4.5%), with an effective anticoagulation rate of 81.8% (Grades 0–1).

3.5 Safety

During the 22 treatments, one patient experienced once a
deepening of the color of the chest drainage fluid, which improved
the next day after treatment, with no other active bleeding occurrences.
All patients maintained stable vital signs throughout the treatment
process, with no instances of hypotension or arrhythmia. No adverse
events such as allergies or hyperkalemia occurred.

4 Discussion

Since the COVID-19 pandemic, extracorporeal membrane
oxygenation (ECMO) technology has gradually received widespread
attention and application. However, ECMO has a high technical

TABLE 4 Hourly APTT and PT results of case 1.

Time of
collection

APTT(s) PT(s)

Peripheral collection Collection after the filter Peripheral collection Collection after the filter

Before 27.80 – 11.50 –

1 h 28.30 103.30 12.40 13.20

2 h 28.00 100.80 12.30 13.80

3 h 28.40 103.30 12.60 14.90

4 h 29.50 109.90 12.80 14.30

5 h 32.30 113.70 13.10 16.20

6 h 30.40 108.40 12.50 15.10

7 h 31.20 109.00 13.20 17.40

After 26.80 – 11.10 –

FIGURE 1
Changes trends in APTT and PT during the 1st treatment of some
cases (collection after the filter).
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threshold, and its invasive and complex characteristics lead to a higher
risk of complications (Mi et al., 2018), making it difficult for ordinary
bloodpurification centers to promote. The principle of ECCO2R is similar
to that of ECMO; although its oxygenation capacity is lower, it effectively
removes carbon dioxide from the body (Ding et al., 2021). Therefore, it
can achieve a “protective” ventilation strategy for patients in acute and
severe decompensation stages of acute respiratory distress syndrome
(ARDS) and chronic obstructive pulmonary disease (COPD), alleviating
the effects of hypercapnia and acidosis (Zhang et al., 2023). At the same
time, due to the high capacity of blood to carry carbon dioxide, the
extracorporeal circulation blood flow required for removal is relatively
low (deVilliersHugo et al., 2017),making the technical difficulty less than
that of ECMO, thus leading to its increasing clinical applications.

As a type of extracorporeal circulation life support therapy, adequate
anticoagulation is essential for ECCO2R treatment. Reference reports
that hemorrhage, thrombocytopenia, and hemolysis are the main
complications of ECCO2R (Worku et al., 2023; Kalbhenn et al.,
2017). How to achieve effective anticoagulation to ensure treatment
efficacy without increasing the risk of complications is a challenge that
we must answer. Although the blood flow rate of ECCO2R is lower than
that of ECMO, it is still higher than that of standard CRRT treatment.
Using citrate anticoagulation may lead to excessive dosing and increase
the risk of complications, therefore, we currently mainly use sodium
heparin for systemic anticoagulation (Combes et al., 2020). Considering
that patients undergoing ECCO2R treatment are often critically ill and
have a higher risk of bleeding compared to regular patients, heparin
anticoagulation may also lead to heparin-induced thrombocytopenia
and other issues (Giraud et al., 2021), thus systemic heparin
anticoagulation might not be the most ideal choice.

To address this question, we used NM for anticoagulation in
5 patients undergoing ECCO2R treatment in our center. Our center
was among the early adopters of anticoagulation therapy using NM.
Throughout our clinical experience, NM has demonstrated satisfactory
safety and efficacy profiles. Therefore, for these five patients, we opted
for NM anticoagulation to mitigate bleeding risks. NM is a broad-
spectrum, potent serine protease inhibitor (Willers et al., 2021; Hwang
et al., 2013); it has a short half-life of only 8 min in vivo, making it less
likely to accumulate in the body (Song et al., 2022), and it is suitable for
use in patients at high risk of bleeding (Yu et al., 2015). In this study,
none of the 22 patients showed statistically significant changes in DIC
and hemoglobin before and after treatment, with only one case of
deepening color in the pleural drainage fluid. The adverse event rate was
4.5%, with no active bleeding occurring. Although the P-value for
platelets before and after treatment was <0.05, the difference between
the twomeans was small, with both values remaining within the normal
range. So it shows the safety of NM in ECCO2R treatment. Future
studies with larger sample sizes are required for further validation. The
anticoagulation efficacy of the dialyzer (Grade 0–1) was 81.8%, with
only 1 case of premature circuit clotting among the 22 treatments. The
treatment completion rate was 95.5%. Simultaneously, the blood pH,
oxygen partial pressure, carbon dioxide partial pressure, oxygen
saturation, and bicarbonate concentration all improved with
statistically significant differences. It shows the anticoagulant efficacy
of NM in ECCO2R treatment and the effectiveness of ECCO2R
treatment in patients with severe pneumonia and COPD.

We had taken hourly collection after the filter during the first
treatment of cases 1, 2, and 4 to monitor the APTT and PT. The
values of APTT and PT are correlated, indicating that NM has a

certain effect on both. However, the increase in APTT is significantly
higher than that of PT, thus anticoagulation monitoring should focus on
APTT (Maruyama et al., 2011; Park et al., 2015). The trends of APTT in
the three patients during treatment were first increasing then decreasing,
decreasing, and decreasing respectively. But only the trend in the second
casewas statistically significant, andnone showed an increasing trend.This
indicates thatNMmetabolizes quickly and does not accumulate over time.
Considering that the anticoagulation protocols were the same for all three,
it also suggests that the correlation between NM dosage and APTT is not
clear (Lim et al., 2016). Additionally, we monitored the first patient’s
peripheral APTT and PT hourly, with all values remaining within normal
ranges. This finding further indicates the safety profile of NM
anticoagulation therapy. When using systemic heparin for
anticoagulation, it is recommended to extend APTT to 1.5–2 times of
baseline or maintain it between 45–60 s (Staudinger, 2020). In our study,
the APTT after filters was 3–4 times of baseline, which is significantly
different from the reference. But the reference did not specify the location
of the blood sampling, which might be one reason for the difference.

Our study has several limitations. Due to the high cost of ECCO2R
therapy and its restricted patient eligibility criteria, our sample size
remained limited. Consequently, the extent to which our findings are
representative in broader clinical contexts requires verification
through larger-scale studies and multicenter investigations.
Moreover, the constrained sample size, coupled with our center’s
non-implementation of citrate anticoagulation, precluded
comparative analyses with alternative anticoagulation strategies.

In summary, Nafamostat Mesilate holds considerable promise as
an emerging anticoagulant option for ECCO2R, demonstrating
favorable safety and efficacy profiles. However, further research is
needed to answer the specific dosage, target values of monitoring
indicators, monitoring protocols, and blood sampling locations.
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