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Abstract: Background: Hypercapnia is a common precipitating factor for multiple organ failure in critically ill patients. The combination of continuous renal replacement therapy (CRRT) and extracorporeal carbon dioxide removal (ECCO₂R) represents a targeted pulmonary-renal support strategy; however, anticoagulation management during prolonged treatment remains a clinical challenge. Traditional unfractionated heparin carries risks of bleeding or circuit clotting, while evidence for regional citrate anticoagulation (RCA) in CRRT-ECCO2R combination therapy remains limited, with practical data in high-flow settings particularly lacking. This case report describes a novel anticoagulation regimen combining low molecular weight heparin (LMWH) and 4% citrate, providing a practical alternative for anticoagulation management in this complex therapy. Case presentation: A 59-year-old male patient with over a decade of occupational dust exposure (cement plant, gold mine, coal mine) and a history of pulmonary tuberculosis presented with cough, sputum production, and dyspnoea. On admission, oxygen saturation was 30–40%, arterial partial pressure of carbon dioxide (PaCO₂) was 142.33 mmHg, and serum potassium was 6.13 mmol/L. Diagnoses included acute exacerbation of chronic obstructive pulmonary disease (AECOPD), sepsis, septic shock, Legionella pneumonia, pulmonary encephalopathy, type II respiratory failure, and acute respiratory distress syndrome (ARDS). Despite initial management with antimicrobial therapy, fluid resuscitation, and mechanical ventilation, persistent hypercapnia (PaCO₂ > 100 mmHg) and hyperkalaemia persisted. Combined CRRT-ECCO₂R therapy was initiated from 23 May to 5 June 2025 (total 197 cumulative hours), with blood flow rate 300 mL/min, oxygen flow rate 8–10 L/min. Anticoagulation comprised LMWH (2000 U loading dose + 200 U/h continuous infusion), 4% trisodium citrate (200–210 mL/min), and 10% calcium gluconate (2–5 mL/h). After treatment, the patient showed significant reduction in PaCO₂, restored pH, improved oxygenation, no clinically significant bleeding events, and stable haemoglobin levels. However, due to financial constraints, the patient was transferred to a local healthcare facility for further care. Conclusion: In CRRT-ECCO₂R combined therapy, the LMWH + 4% citrate anticoagulation regimen effectively maintained circuit patency (mean lifespan 65.67 hours) at a high flow rate of 300 mL/min, achieved efficient carbon dioxide clearance (mean clearance rate 44.5 mL/min), rapidly corrected acid-base imbalance, and demonstrated good safety. This approach overcomes limitations of conventional anticoagulation, offering a novel therapeutic option for critically ill hypercapnic patients at bleeding risk, with promising clinical utility and cost-effectiveness.
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1. Introduction

Hypercapnia is defined as arterial partial pressure of carbon dioxide (PaCO₂) exceeding 45 mmHg. It most commonly arises from upper airway obstruction, chronic obstructive pulmonary disease (COPD), thoracic and pleural disorders, or respiratory centre-depressant medications. Hypercapnia can reduce myocardial contractility, induce vasodilation, and increase cerebral blood flow, potentially causing impaired consciousness in severe cases. Although permissive hypercapnia is sometimes employed to reduce ventilator-induced lung injury (VILI), persistent severe hypercapnia remains a major driver of multiorgan dysfunction in critically ill patients [1].

To minimize VILI, improve respiratory failure, shorten mechanical ventilation duration, and facilitate early extubation, the combination of CRRT and ECCO₂R has emerged as a targeted lung-kidney support strategy [2]. CRRT-ECCO₂R employs two circuit configurations: arteriovenous (V-A) and venovenous (V-V), with the V-V configuration generally preferred as it maintains arterial integrity while offering superior haemodynamic stability [3,4]. Compared to venovenous extracorporeal membrane oxygenation (VV-ECMO), ECCO2R offers a lower technical threshold, less haemodynamic impact, reduced vascular injury, smaller catheter size, and lower cost, making it an attractive option for centres without advanced ECMO capabilities [5–7].

Animal studies have validated the efficacy of ECCO₂R in controlling hypercapnia. Godet et al. using an infant-sized oxygenator in hypercapnic porcine models showed that CO₂ clearance ranged from 35 to 75 mL/min, with clearance maintained even at the lowest blood flow rates regardless of oxygen flow [8]. Christian et al. demonstrated that with modern low-flow oxygenators, post-membrane PCO₂ could be controlled within 10–25 mmHg when oxygen flow rate was ≥ 6 L/min [9].

Long-term ECCO₂R and CRRT require rigorous anticoagulation management. Early studies predominantly used unfractionated heparin (UFH), but regional citrate anticoagulation (RCA) is now recommended for its reduced bleeding risk and extended filter lifespan [4,9–15]. However, the 2023 review by Tonetti et al. noted that heparin and argatroban remain common options for extracorporeal life support (ECLS), each with drawbacks and unresolved issues [16]. Importantly, no literature has reported the application of RCA in ECLS in high-flow settings. The KDIGO guidelines and some authors caution against RCA use in patients with hypotension, hypoxaemia, or severe liver disease—conditions that are not uncommon in ECCO₂R candidates [17,18].

In this case report, we describe the use of a combined LMWH + 4% citrate anticoagulation regimen in a critically ill patient undergoing CRRT-ECCO₂R therapy. This protocol was implemented after multidisciplinary assessment by the CRRT team at West China Hospital of Sichuan University, with informed consent obtained from the patient’s family.

2. Patient information

A 59-year-old male patient presented with a chief complaint of intermittent cough with sputum production persisting for over a decade. He sought local hospital care within the past two months due to worsening dyspnoea. Tracheal intubation was performed and anti-infective therapy initiated owing to persistent desaturation (30–40%) and hypercapnia (PaCO₂ 115 mmHg). Post-intervention arterial blood gas analysis continued to demonstrate carbon dioxide retention, prompting transfer to our hospital’s Emergency Department for further management. Past medical history includes occupational exposure to cement plants, gold mines, and coal mines (> 10 years), alongside a history of pulmonary tuberculosis treated with unspecified anti-tuberculosis therapy.

Emergency admission vital signs: Temperature 36.4 °C, blood pressure 93/59 mmHg, respiratory rate 20 breaths/min, pulse rate 114 beats/min, oxygen saturation 98%. The patient appeared lethargic, remained intubated, exhibited coarse breath sounds, bilateral moist rales, and no significant abdominal abnormalities.

Key investigations (Huaxi Hospital Emergency Department, 20 May 2025): Chest CT revealed scattered patchy opacities, linear atelectasis, nodular densification, and confluent consolidation predominantly involving the upper lobes. Biomarkers: Procalcitonin 1.77 ng/mL, C-reactive protein 88.4 mg/L, interleukin-6 165.3 pg/mL, Legionella IgG/IgM antibodies positive.

Diagnosis: 1. Acute exacerbation of chronic obstructive pulmonary disease (AECOPD); 2. Sepsis (per SOFA criteria); 3. Septic shock; 4. Severe pneumonia (Legionella); 5. Pulmonary encephalopathy; 6. Type II respiratory failure; 7. Acute respiratory distress syndrome (ARDS).

Initial management: RASS score -3; maintained sedation/analgesia (propofol 150mg, 0.05mg/kg/h + midazolam 50mg, 0.06mg/kg/h + remifentanil 2mg, 0.3mg/kg/h IV infusion). Vasopressor support included: 32mg noradrenaline in 5% glucose solution (total 50mL) infused at 1-2μg/kg/min; 12U vasopressin in normal saline (total 48mL) infused intravenously at 3mL/h. Mechanical ventilation (A/C-PRVC mode): respiratory rate 30 breaths/min, tidal volume 380–400 mL, positive end-expiratory pressure 5–8 cm H₂O, inspired oxygen concentration 60–70%. Anti-infective therapy: Meropenem 1 g every 8 hours. Adjunctive therapy included ambroxol/salbutamol for bronchodilation/mucus clearance, enteral nutrition, and intravenous immunoglobulin for immunomodulation.

Clinical progression: On 23 May 2025, combined continuous renal replacement therapy (CRRT) with extracorporeal carbon dioxide removal (ECCO₂R) was initiated due to refractory hypercapnia (PaCO₂ > 100 mmHg) and hyperkalaemia (K⁺ 6.0–7.0 mmol/L). CRRT (Baxter Gambro machine/prismaflex, Gambro circuitry) employed post-dilution calcium-containing haemofiltration (prescribed rate 2 L/h; replacement fluid: dialysate = 1:1). ECCO₂R (Xijian ECMO system, infant membrane oxygenator, surface area 0.5m²) was initiated via a right femoral vein-placed Bard® dialysis catheter (National Medical Device Registration Certificate No.: 20183101940), with oxygen flow rate 8–10 L/min. Anticoagulation therapy: Low molecular weight heparin (LMWH) initial loading dose 2000 U, followed by continuous intravenous infusion at 200 U/h; regional citrate anticoagulation (4% trisodium citrate 200–210 mL/min; 10% calcium gluconate 2–5 mL/h). The ECCO₂R circuit membrane was replaced three times during the 9-day treatment period. Outcome: Arterial blood gas analysis demonstrated significant reduction in PaCO₂, improved oxygenation, and restoration of pH to normal levels. However, owing to financial constraints and poor prognosis, the patient was discharged against medical advice to a local healthcare facility.

3. Results

3.1. Carbon dioxide clearance

Carbon dioxide clearance (ΔPCO₂) was calculated using the following formula: ΔPCO₂ = (PCO₂ pre-filtration - PCO₂ post-filtration) × blood flow rate (mL/min) [9]. The mean PCO₂ clearance rate (total ΔPCO₂ divided by total minutes) was 44.5 mL/min (526,294.8 mmHg·mL / (197 hours × 60 min/hour). Mean PaCO₂ reduction was 51.2 mmHg, mean pH increased by 0.32, and mean circuit lifespan was 65.67 hours. Figure 1 illustrates the trends in pre- and post-filtration PCO2 and pH values during the combined therapy.
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Figure 1. Trends in pre- and post-filtration PCO2 and pH values during the combined therapy.

3.2. Oxygenation improvement

The mean increase in PO₂ was 428.52 mmHg (95% confidence interval: 402.1–454.9). Figure 2 shows the trend in pre- and post-filtration PO.

Ionised calcium monitoring：

The mean Pre-filtration ionised calcium (Ca²⁺) was 1.08 mmol/L (SD ± 0.12), and post-filtration Ca²⁺ was 0.48 mmol/L (SD ± 0.07). Figure 3 shows the trends during therapy.
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Figure 2. Trend in pre- and post-filtration PO₂ during combined therapy.
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Figure 3. Trends in pre- and post-filtration ionized calcium levels during combined therapy.
Table 1. Pre-filtration blood gas analysis during combined CRRT-ECCO₂R therapy (daily measurements)

	Days
	Time
	Blood gas analysis
	PH Mean ± SD
	PO₂ Mean ± SD
	PCO₂ Mean ± SD
	Be Mean ± SD
	Ca Mean ± SD
	Lac Mean ± SD
	Circuit Configuration
	Anticoagulation Protocol
	Blood flow rate

	1
	2025-05-23 05:02:01.000
	Pre-filtration VBG
	7.14 ± 0.05
	43.55 ± 23.8
	123.66 ± 18.73
	10.09 ± 1.5
	1.15 ± 0.09
	3.06 ± 0.88
	Standard calcium reinfusion
	LMWH + RCA
	300

	2
	2025-05-24 03:28:43.000
	Pre-filtration VBG
	7.27 ± 0.08
	48.22 ± 14.67
	80.66 ± 14.26
	7.85 ± 1.24
	1.08 ± 0.07
	2.46 ± 0.57
	Standard calcium reinfusion
	LMWH + RCA
	300

	3
	2025-05-25 04:37:36.000
	Pre-filtration VBG
	7.36 ± 0.04
	40.03 ± 8.01
	70.9 ± 5.14
	11.97 ± 1.22
	1.15 ± 0.05
	1.83 ± 0.29
	Standard calcium reinfusion
	LMWH + RCA
	300

	4
	2025-05-31 04:28:20.000
	Pre-filtration VBG
	7.3 ± 0.02
	32.02 ± 1.52
	59.89 ± 2.5
	2.21 ± 1.34
	1.24 ± 0.17
	1.42 ± 0.3
	Standard calcium reinfusion
	LMWH + RCA
	300

	5
	2025-06-01 04:59:10.000
	Pre-filtration VBG
	7.3 ± 0.03
	34.9 ± 2.73
	66.46 ± 1.93
	4.46 ± 2.47
	1.02 ± 0.04
	1.55 ± 0.08
	Standard calcium reinfusion
	LMWH + RCA
	300

	6
	2025-06-02 04:20:15.000
	Pre-filtration VBG
	7.37 ± 0.01
	37.91 ± 3.82
	62.74 ± 0.84
	8.91 ± 0.71
	1.04 ± 0.02
	1.62 ± 0.34
	Standard calcium reinfusion
	LMWH + RCA
	300

	7
	2025-06-03 00:04:10.000
	Pre-filtration VBG
	7.33 ± 0.02
	33.56 ± 2.42
	70.06 ± 4.14
	9.04 ± 0.46
	1.1 ± 0.03
	2.05 ± 0.5
	Standard calcium reinfusion
	LMWH + RCA
	300

	8
	2025-06-04 04:13:31.000
	Pre-filtration VBG
	7.29 ± 0.04
	35.59 ± 4.48
	63.1 ± 3.23
	2.61 ± 2.82
	1.07 ± 0.03
	2.44 ± 0.53
	Standard calcium reinfusion
	LMWH + RCA
	300

	9
	2025-06-05 04:02:02.000
	Pre-filtration VBG
	7.26 ± 0.02
	39.83 ± 0.3
	62.02 ± 1
	-0.15 ± 1.96
	0.94 ± 0.1
	2.5 ± 0.79
	Standard calcium reinfusion
	LMWH + RCA
	300


Table 2. Post-filter blood gas analysis during combined CRRT-ECCO₂R therapy (daily measurements)

	Days
	Time
	Blood gas analysis
	PH Mean ± SD
	PO₂ Mean ± SD
	PCO₂ Mean ± SD
	Be Mean ± SD
	Ca Mean ± SD
	Lac Mean ± SD

	1
	2025-05-23 07:29:39.000
	Post-filtration VBG
	7.58 ± 0.02
	649.97 ± 56.79
	24.08 ± 2.07
	0.85 ± 1.42
	0.37 ± 0.08
	2.65 ± 0.94

	2
	2025-05-24 03:57:01.000
	Post-filtration VBG
	7.73 ± 0.08
	624.86 ± 106.26
	17.82 ± 2.25
	3.84 ± 2.99
	0.47 ± 0.03
	2.51 ± 0.2

	3
	2025-05-25 04:19:58.000
	Post-filtration VBG
	7.72 ± 0.07
	427.32 ± 27.3
	21.3 ± 2.51
	6.55 ± 2.39
	0.57 ± 0.04
	1.78 ± 0.21

	4
	2025-05-31 04:34:35.000
	Post-filtration VBG
	7.57 ± 0.08
	457.3 ± 91.42
	22.45 ± 6.75
	-1.77 ± 1.77
	0.85 ± 0.32
	1.51 ± 0.28

	5
	2025-06-01 05:07:19.000
	Post-filtration VBG
	7.53 ± 0.23
	272.46 ± 190.27
	33.12 ± 17.29
	-0.72 ± 1
	0.43 ± 0.13
	1.59 ± 0.19

	6
	2025-06-02 04:25:16.000
	Post-filtration VBG
	7.69 ± 0.05
	469.23 ± 95.44
	18.08 ± 2.91
	1.72 ± 0.18
	0.47 ± 0.02
	1.61 ± 0.18

	7
	2025-06-03 00:07:09.000
	Post-filtration VBG
	7.7 ± 0.02
	470.86 ± 86.11
	16.84 ± 0.52
	1.36 ± 0.54
	0.5 ± 0.02
	1.94 ± 0.39

	8
	2025-06-04 04:16:21.000
	Post-filtration VBG
	7.55 ± 0.06
	363.76 ± 62.37
	19.57 ± 1.06
	-4.26 ± 2.35
	0.55 ± 0.06
	2.55 ± 0.63

	9
	2025-06-05 03:59:10.000
	Post-filtration VBG
	7.44 ± 0.06
	376.53 ± 48.54
	24.83 ± 2.31
	-6.32 ± 1.59
	0.47 ± 0.06
	2.38 ± 0.5


4. Discussion

ECCO₂R is an evolution of ECMO that operates by connecting a membrane oxygenator to a blood pump. Compared to VV-ECMO, ECCO₂R achieves equivalent CO₂ removal at markedly lower blood flow rates (0.5–1.5 L/min vs. 3–7 L/min), reducing haemodynamic impact, vascular injury, and cost [7]. Combining ECCO₂R with CRRT is therefore a practical, cost-effective multi-organ support option.

Based on prior findings that with oxygen flow ≥ 6 L/min, post-membrane PCO2 can be controlled within 10–25 mmHg, we used an infant-sized oxygenator with blood flow 300 mL/min and oxygen flow 8–10 L/min. This configuration maintained post-filtration PCO2 between 10–25 mmHg and achieved a CO2 clearance of 44.5 mL/min, consistent with reported ranges of 35–75 mL/min [8,19].

The main challenge in prolonged ECCO₂R-CRRT is anticoagulation. The KDIGO guidelines caution against RCA in hypotension or severe liver disease, yet our patient required vasopressors throughout treatment [17]. Nevertheless, the LMWH + 4% citrate regimen was safe and effective: circuit lifespan averaged 65.67 hours, with no clinically significant bleeding and stable haemoglobin.

To our knowledge, this is the first report demonstrating the feasibility of RCA-based anticoagulation in CRRT-ECCO₂R at a blood flow of 300 mL/min. This regimen addresses previous concerns about RCA safety in hypotensive patients and provides a practical option for centres without advanced ECMO capabilities. However, the single‑case nature and loss to follow‑up are limitations; larger studies are needed to validate these findings.

5. Conclusions

In CRRT-ECCO₂R therapy, the anticoagulation regimen of LMWH + 4% citrate effectively maintained circuit patency (mean lifespan 65.67 hours) at a high flow rate of 300 mL/min, achieved a mean CO₂ clearance of 44.5 mL/min, and rapidly corrected refractory hypercapnia (mean PaCO₂ reduction 51.2 mmHg). No clinically significant bleeding occurred, and ionized calcium remained controllable. This protocol overcomes key limitations of conventional unfractionated heparin, validates the feasibility of RCA in high‑flow ECCO₂R-CRRT, and offers a practical option for critically ill hypercapnic patients with bleeding risk.
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