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Abstract
Background
Multiple organ dysfunction syndrome is the leading cause of death in pediatric intensive care units and can be very critical when combined with shock and disseminated intravascular coagulation (DIC). Currently, there is no effective treatment. We developed a new hemodiafiltration (HDF) method called plasma HDF (PHDF) that uses fresh frozen plasma as replacement fluid and investigated the safety and efficacy of this treatment.

Methods
We enrolled critically ill children with (1) a Pediatric Logistic Organ Dysfunction 2 (PELOD-2) score ≥ 14, (2) a Japanese Ministry of Health and Welfare (JMHW) DIC score ≥ 7, (3) a vasoactive inotropic score (VIS) ≥ 10, and (4) a serum total protein concentration ≤ 5.0 g/dL. PHDF was performed for 5 h and then switched to continuous HDF. The primary endpoint was the 28-day mortality rate. Secondary endpoints included assessment of vital signs, blood test data, and fluid balance from PHDF start to day 7.

Results
Nine patients (four males and five females) between 3 days and 40 months of age, weighing 2.1–13 kg, met the inclusion criteria. Although the median PMR was 0.94 (0.71–0.96), the 28-day mortality rate was 22.2% (2/9). One hour after the start of PHDF, there was an increase in mean arterial pressure and central venous pressure and a decrease in heart rate; by day 7, there was a significant decrease in the PELOD-2 score, the JMHW DIC score, and the VIS. Hypoproteinemia also improved the day after PHDF. Water balance was able to remain negative after day 2.

Conclusions
PHDF was found to be effective in the treatment of DIC and circulatory failure by supplementing coagulation and antithrombotic factors as well as by raising colloid osmotic pressure to increase circulating blood volume. PHDF has been shown to be a safe and useful treatment for critically ill children and has the potential to improve 28-day survival.
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Background
Multiple organ dysfunction syndrome (MODS) is a major cause of death in the intensive care unit (ICU) and often is an undesirable outcome of successful shock resuscitation [1]. MODS is defined as altered organ function in the setting of sepsis, septic shock, or systemic inflammatory response syndrome (SIRS), and shock is defined as inadequate organ perfusion even after adequate fluid resuscitation [1]. SIRS causes increased vascular permeability and leakage of plasma proteins into the tissues, which is clinically termed as capillary leak syndrome (CLS), resulting in a decrease in plasma colloid osmotic pressure (COP) and in increase in circulating blood volume that leads to fluid overload (FO) and hypotension [2]. Patients who present with hypoproteinemia despite low circulating blood volume are often unresponsive to aggressive fluid resuscitation and vasoactive drugs.
SIRS often leads to activation of the blood coagulation system by generation of thrombin, downregulation of physiological anticoagulation mechanisms, and inhibition of fibrinolysis [3], leading to disseminated intravascular coagulation (DIC) syndrome. DIC is systemic activation of coagulation, and especially in DIC with suppressed fibrinolysis [4], development of microthrombi can cause capillary obstruction and inadequate blood supply to various organs [5, 6].
Therefore, MODS occurs after shock with DIC, and hypoproteinemia causes extremely poor organ perfusion. Children who develop MODS with DIC, often accompanied by shock, have a high mortality rate [7, 8], with >50% chance of dying within a week after the onset of MODS [9], but there is no effective treatment at present.
As both SIRS and DIC progress over time, the prognosis depends on the ability to improve circulatory failure as quickly as possible and maintain blood flow to organs thereafter. There is then a need to improve DIC, especially on an hourly basis, to prevent extravascular leakage, so we wondered if a technique to administer large doses of plasma proteins in fresh frozen plasma (FFP) while avoiding water loading would be needed.
Therapeutic plasma exchange (TPE) may improve systemic inflammation and DIC by reducing inflammatory mediators (cytokines) and replenishing large amounts of anticoagulant factors, resulting in improved organ function [10]. Stegmayr et al. found that for severe DIC and MODS, TPE using FFP has been reported to be effective [11]. Similarly, several reports have shown TPE to be effective for severe sepsis and MODS in pediatric patients [12, 13]. However, TPE has many side effects, including hypernatremia, metabolic alkalosis, hypocalcemia, and decreased COP [14]. When performing TPE in adults, simultaneous hemodiafiltration (HDF) is recommended to reduce side effects [14]. However, the combination therapy (TPE + HDF) is difficult to perform in children due to the disproportionately large priming volume. Therefore, we developed the new hemodiafiltration method, plasma HDF (PHDF), which uses FFP instead of commercial replacement fluid. Although it does not remove large molecules like TPE, PHDF allows for supplementation of serum proteins, including coagulation and fibrinolytic factors, without excessive water loading and is expected to improve DIC and increase COP, then improve circulation failure and FO. Furthermore, we believed that it could reduce the adverse effects associated with high doses of FFP.
In this study, we investigated the efficacy and safety of PHDF in critically ill children with MODS with shock and DIC.
Methods
The study was conducted at the pediatric intensive care unit (PICU) of the Kanagawa Children’s Medical Center (Yokohama) from January 2013 to December 2018, with the approval of the local ethics committee (1612-10). Informed consent was obtained from the patient’s parents, in accordance with the principles of the Declaration of Helsinki, and personal data were anonymized.
Shock was defined as the need to use a vasopressor to maintain adequate blood pressure after sufficient infusion of fluids (20-mL/kg crystalloid), and adequate blood pressure was defined as a systolic blood pressure of 60 mmHg in neonates and 70 mmHg in infants as per the American Heart Association index [15]. If adequate blood pressure could not be maintained despite volume expansion, administration of hydrocortisone (5 mg/kg/day until the shock was reversed) and inotropes was started. Dopamine and dobutamine were the first-line inotropic agents, and epinephrine was the second-line agent. Milrinone was not used because of the risk of increased serum levels due to decreased renal function. Administrations of dopamine and dobutamine were started at 5 μg/kg/min, which was titrated up to 10 μg/kg/min. Administration of epinephrine was started at 0.05 μg/kg/min, which was titrated up to 1 μg/kg/min. If hypotension was not responsive to epinephrine, vasopressin administration was started at 0.04 U/kg/h and was titrated up to 0.2 U/kg/h.
Clinical characteristics, admission diagnosis, underlying disease, available laboratory values, vital signs, Pediatric Logistic Organ Dysfunction 2 (PELOD-2) score [16], Japan Ministry of Health and Welfare (JMHW) DIC score [17], vasopressor use (vasoactive inotropic score, VIS) [18], and ICU fluid intake and output were studied before and after PHDF. Variables collected daily were assessed for each patient on days 1, 3, 5, and 7. In particular, during PHDF, the mean arterial pressure (MAP), heart rate (HR), and central venous pressure (CVP) were assessed every hour, and laboratory findings (ionized calcium, sodium, bicarbonate, and lactate) were assessed every 3 h.
The inclusion criteria were as follows: (1) MODS defined by PELOD-2 score ≥ 14 (predicted mortality > 0.5), (2) DIC defined by JMHW DIC score ≥ 7, (3) VIS ≥ 10 to prevent severe hypotension, and (4) hypoproteinemia, serum total protein (TP) ≤ 5.0 g/dL. VIS was calculated as follows: VIS = dopamine dose (μg/kg/min) + dobutamine dose (μg/kg/min) + 100 × epinephrine dose (μg/kg/min) + 10 × milrinone dose (μg/kg/min) + 10,000 × vasopressin dose (U/kg/min) + 100 × norepinephrine dose (μg/kg/min).
The exclusion criteria were as follows: weight > 15 kg, patients with a history of allergic reactions to FFP, and patients with severe acute liver failure as an indication for liver transplantation.
PHDF/continuous hemodiafiltration (CHDF) protocol
Vascular access was placed in the femoral or internal jugular vein. PHDF was performed for 5 h per patient. The blood flow rate (QB) ranged from 2 to 5 mL/kg/min. The replacement flow (FFP, Japanese Red Cross Society, Tokyo, Japan) rate (QS) was 10 mL/kg/h (total infusion volume 50 mL/kg), and the dialysate (Sublood-BSG®, FUSO Pharmaceutical Industries Ltd., Osaka, Japan) flow rate (QD) was 200 mL/kg/h with a cellulose triacetate (CTA) membrane (UT-300S®, Nipro, Osaka, Japan). Ultrafiltration was initiated after MAP, and CVP increased by >20% from baseline levels. Nafamostat mesylate was administered as an anticoagulant at an initial dose of 0.5 mg/kg/h and adjusted to maintain an activated coagulation time of 180–200 s. After PHDF, conventional CHDF with a commercial replacement solution (Sublood-BSG®) was performed by switching the three-way stopcock (Fig. 1), with a QS of 0–10 mL/kg/h and a QD of 30–50 mL/kg/h.
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Fig. 1The schematic circuit diagram of plasma hemodiafiltration (PHDF). PHDF is a type of hemodiafiltration with FFP as a replacement solution. QB ranged from 2 to 5 mL/kg/min, QS rate was 10 mL/kg/h, and QD was 200 mL/kg/h. A zero-balance HDF was performed until blood pressure was elevated, and the QF was set at 210 mL/kg/h. QB, blood flow rate; QF, filtration flow rate; QD, dialysate flow rate; QS, replacement fluid rate; FFP, fresh frozen plasma


Estimation
The primary outcome was mortality at 28 days after PHDF initiation, and the secondary outcomes were changes in PELOD-2 score, JMHW score, VIS, fluid balance, vital signs (MAP and CVP), and laboratory findings during 7 days. This study had no control group, so we calculated the predicted mortality rate (PMR) on the basis of illness severity. The PMR for each child was determined using the PELOD-2 score at the start of the PHDF. One of the inclusion criteria was that PMR be >50%. We assessed whether the actual mortality rate in this study would be >50%. Changes in vital signs (MAP, HR, CVP) and laboratory findings (ionized calcium, sodium, bicarbonate, lactate) during the PHDF period were also evaluated. Data on vital signs were expressed as a ratio to values before the start of PHDF.
Statistical analysis
Continuous variables are expressed as medians (Q1–Q3; interquartile range). The Kruskal–Wallis test was used to compare groups of three or more continuous variables, and multiple comparisons of Steel were used for post hoc testing. The results of the analysis were considered significant for values of p < 0.05. Statistical tests were performed by using the EZR software (Saitama Medical Center, Jichi Medical University, Saitama, Japan), a graphical user interface for R (The R Foundation for Statistical Computing, Vienna, Austria).
Results
Nine patients (four males, five females) between 3 days and 40 months of age, weighing between 2.1 and 13 kg, met the study criteria. The patient demographics are shown in Table 1; seven of the nine patients had congenital heart disease, and four had undergone post-open heart surgery. The reasons for admission to the ICU were cardiogenic shock in three patients, septic shock in two, cardiopulmonary arrest in two, and hemorrhagic shock and encephalopathy syndrome in two. All patients required mechanical ventilation on admission to the ICU; the median time to perform PHDF and CHDF was 5.0 (4.3–5.0) and 280 (74–704) h, respectively. All procedures were performed safely without serious complications.
Table 1Clinical details of the patients


	Case
	1
	2
	3
	4
	5
	6
	7
	8
	9

	Age
	3 d
	5 d
	8 d
	2 mo
	10 mo
	12 mo
	5 mo
	40 mo
	36 mo

	Sex
	F
	M
	M
	M
	F
	M
	F
	F
	M

	Weight (kg)
	2.1
	2.1
	2.5
	2.6
	5.3
	5.8
	7.2
	12
	13

	Underlying disease
	AS
	CoA/C
	CoA/C
	TGA
	TA
	Hypo RV
ASD
VSD
	(−)
	(−)
	(−)

	Cause of ICU admissions
	CS
	CS
	CS
	DS
	DS
	CS
	CS
	HSES
	HSES

	Infection
	(−)
	(−)
	(−)
	(+)
	(+)
	(−)
	(−)
	(+)
	(+)

	FFP administration (ml)
	120
	120
	120
	120
	240
	240
	480
	720
	720

	QB (ml/min)
	12
	12
	10
	12
	30
	25
	20
	40
	40

	QD (ml/h)
	500
	500
	500
	500
	1000
	1000
	1500
	2000
	2000

	Hemofilter
	UT300S
	UT300S
	UT300S
	UT300S
	UT300S
	UT300S
	UT300S
	UT700S
	UT700S

	Duration of PHDF (h)
	5
	5
	5.5
	5
	5
	4
	5
	4.5
	4

	Duration of CHDF (h)
	935
	56
	664
	280
	744
	86
	61
	589
	132

	PELOD-2 score at day 0
	22
	14
	23
	16
	14
	20
	21
	20
	17

	PMR by PELOD-2 score
	0.98
	0.49
	0.98
	0.71
	0.49
	0.94
	0.96
	0.94
	0.80

	28-day outcome(the day of death)
	Survival
	Survival
	Survival
	Survival
	Survival
	Death (4)
	Death (3)
	Survival
	Survival


AS arterial stenosis, CoA/C coarctation complex, TGA transposition of the great arteries, TA truncus arteriosus, RV right ventricle, ASD atrial septal defect, VSD ventricular septal defect, CS cardiogenic shock, DS distributive shock, HSES hemorrhagic shock and encephalopathy, PMR predicted mortality rate, QB blood flow rate, QD dialysate flow rate, PHDF plasma hemodiafiltration, CHDF continuous hemodiafiltration, PELOD-2 Pediatric Logistic Organ Dysfunction 2



Primary outcomes
The 28-day mortality rate was 22.2% (2/9). The median PMR was 0.94 (0.71–0.96). Two patients died within 4 days of starting treatment (early deaths).
Secondary outcomes
The results of the assessment of the variables are shown in Table 2. When compared with before the treatment, significant decreases in the PELOD-2 score (p = 0.009), JMHW score (p = 0.004), and VIS (p = 0.004) were observed by day 7. In addition, there was a significant improvement in water balance from day 1 to day 7. The MAP showed a significant increase on the day after PHDF (p = 0.011), was significantly higher than before PHDF (day 0), and showed a significant decrease in the CVP on day 5 (p = 0.031). The TP level showed a significant increase on day 1 (p = 0.001). The lactate level was significantly decreased (p = 0.039) on day 5. The platelet count also increased significantly on day 1 (p = 0.047), although all nine patients received platelet transfusions. Thrombin–antithrombin complex (TAT) and plasminogen activator inhibitor-1 (PAI-1) peaked on day 1 and then decreased, but did not differ significantly. On the other hand, plasmin-α2 plasmin inhibitor complex (PIC) decreased on day 1, peaked on day 3, and then tended to decrease, but no significant difference was observed. Interleukin (IL)-6 concentrations were measured on days 0, 1, and 3 in only four cases (cases 5, 7, 8, 9); in three of the four cases (cases 5, 8, 9), IL-6 concentrations tended to decrease (Fig. 2).
Table 2Changes in clinical scores, vital signs, and laboratory findings


	Variables
	Day 0
	Day 1
	Day 3
	Day 5
	Day 7

	PELOD-2 score
	20 [15-22]
	16 [9.5-18]
	13 [9.0-18]
	10* [9.0-14]
	9.0* [8.0-14]

	VIS score
	15 [13-35]
	10 [6.0-17]
	9.0* [6.0-15]
	4.5 [2.5-17]
	3.0* [2.0-7.4]

	LMHW score
	10 [8.0-13]
	7.0* [5.5-8.5]
	7.0* [5.0-8.5]
	7.0* [4.0-7.0]
	6.0* [3.0-7.0]

	MAP
	1.0
	1.5* [1.1-1.8]
	1.2 [1.0-1.8]
	1.8* [1.5-2.0]
	1.6* [1.4-2.1]

	CVP
	1.0
	1.1 [0.8-1.8]
	1.0 [0.6-1.5]
	0.7* [0.4-1.1]
	0.6* [0.4-0.9]

	Urine volume
	(mL/kg/h)
	0.3 [0.2-0.5]
	0.1 [0.1-1.0]
	0.3 [0.1-0.4]
	0.2 [0.1-0.7]
	1.1 [0.1-1.8]

	Water balance
	(%)
	16 [14-24]
	3.7* [1.8-11]
	4.1* [1.6-8.8]
	3.1* [7.2-1.2]
	1.6* [3.3-0.5]

	TP
	(g/dL)
	4.5 [3.5-4.8]
	7.4* [6.8-8.1]
	6.9* [5.9-8.2]
	7.2* [6.4-7.8]
	7.3* [5.9-7.6]

	Lactate
	(mmol/L)
	7.3 [4.1-16]
	5.3 [3.6-10]
	4.1 [2.6-8.2]
	2.8* [1.5-4.8]
	1.8* [1.4-3.7]

	PLT
	(×104)
	4.6 [3.1-6.8]
	9.9* [6.6-16]
	11.7* [5.6-20]
	6.5 [5.6-114]
	12* [9.3-21]

	TAT
	(ng/mL)
	38.1 [24.4-450]
	89.6 [13.6-154]
	28.4 [10.8-77.0]
	19.4 [9.7-37.0]
	9.5 [5.6-20.0]

	PIC
	(pg/mL)
	3.6 [0.85-11.0]
	3.1 [0.58-6.2]
	8.8 [1.40-11.2]
	6.0 [2.5-16.6]
	4.9 [3.0-8.0]

	PAI-1
	(ng/mL)
	379 [174-1240]
	531 [372-848]
	322 [102-616]
	130 [27.7-173]
	34.2 [23.7-460]


Data are presented as median [interquartile range]. MAP and CVP are expressed as a ratio to the value at day 0
PELOD-2 Pediatric Logistic Organ Dysfunction-2, VIS vasoactive inotropic score, JMHW Japanese Ministry of Health and Welfare, MAP mean arterial pressure, CVP central venous pressure, TP total protein, PLT platelet count, TAT thrombin–antithrombin complex, PIC plasmin α2–plasmin inhibitor complex, PAI-1 plasminogen activator inhibitor-1
*p < 0.05 compared with before the treatment (day 0) by Kruskal–Wallis test and post hoc Steel tests


[image: ../images/41100_2021_335_Fig2_HTML.png]
Fig. 2Changes in IL-6 and coagulation-fibrinolysis markers (cases 5, 7, 8, 9). a IL-6, b PIC, c TAT, d PAI-1. The coagulation fibrinolytic markers showed similar trends in all four cases, but only case 7 showed an upward trend in IL-6 level. The patient in case 7 died early, and the patients in cases 5, 8, and 9 survived. IL-6, interleukin-6; TAT, thrombin–antithrombin complex; PIC, plasmin α2–plasmin inhibitor complex; PAI-1, plasminogen activator inhibitor-1. Solid line, case 7; dashed line, cases 5, 8, and 9


After the start of PHDF, MAP showed a significant increase (p = 0.015), and HR showed a significant decrease (p = 0.015) at 1 h, and CVP showed a significant increase (p = 0.002) at 3 h (Fig. 3). The concentration of bicarbonate ions showed an increasing trend with time but not a significant increase, and no significant changes were observed in the concentrations of calcium, sodium, and lactate ions (Table 3). Two patients (cases 6 and 7) died early within 7 days of starting treatment; they had poorly elevated TP levels after PHDF (Fig. 4), and one of them (case 7) had an elevated IL-6 level (Fig. 2).
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Fig. 3Changes in vital sign markers during plasma hemodiafiltration. a MAP. b HR. c CVP. Both MAP and CVP increased, and HR showed a downward trend until near the 4th hour of treatment, after which MAP and CVP showed a moderate downward trend. Data are expressed as a ratio to the value before starting plasma hemodiafiltration. MAP, mean arterial pressure; HR, heart rate; CVP, central venous pressure. *p < 0.05 compared with before the treatment by Kruskal–Wallis test and post hoc Steel tests

Table 3Changes in ionized calcium, sodium, bicarbonate ion, and lactate during plasma hemodiafiltration


	 	 	Pre
	3 h
	6 h

	Ionized calcium
	(mmol/L)
	1.07 [0.81-1.10]
	1.04 [1.02-1.11]
	1.13 [1.07-1.19]

	Sodium
	(mmol/L)
	141 [133-146]
	144 [136-147]
	142 [137-144]

	Bicarbonate ion
	(mmol/L)
	18.6 [16.8-22.8]
	21.6 [18.9-23.3]
	23.1 [18.9-24.9]

	Lactate
	(mmol/L)
	7.3 [4.1-15.5]
	7.3 [3.4-10.1]
	6.9 [3.6-11.0]



[image: ../images/41100_2021_335_Fig4_HTML.png]
Fig. 4Changes in serum protein levels in each case from the start of treatment to day 3. Data are expressed as a ratio to the value before starting plasma hemodiafiltration. The two cases of early death (cases 6 and 7) had the lowest rate of increase in protein levels on day 1 and showed a downward trend on day 3. Solid line, cases 6 (blotting out) and 7; dashed line, all other cases


Adverse events
No serious adverse events, such as anaphylaxis, hypotension, or hypocalcemia, were observed during the PHDF therapy. Patients were cared for under a radiant warmer or electric blanket, but all patients presented with mild hypothermia (32–35 °C). However, there were no serious adverse events associated with hypothermia.
Discussion
This is the first pilot study to evaluate the clinical efficacy of PHDF therapy, an HDF therapy with FFP as a replacement fluid, in pediatric patients with MODS with shock and DIC who have a >50% chance of early death. PHDF was safe to perform in all the patients, and during the 28-day observation period, only two (22.2%) of the nine patients died, which suggests that PHDF could provide a treatment option for critically ill pediatric patients who have not previously had a promising treatment option.
Pediatric patients with MODS with shock and DIC have previously been found to be extremely ill [19, 20] and were treated with high-dose fluids, high-dose catecholamines, and steroids, but often with little or no effect and early death [19, 21]. Large doses of crystalloid are almost always administered to patients in shock, but with increased vascular permeability, the administered crystalloid only leaks outside the vessel and does not increase intravascular volume, causing FO. We hypothesized that the essence of this pathology is that prolonged tissue hypoperfusion due to persistent COP depression leads to irreversible organ failure. Extravascular fluid leakage becomes edema, which further exacerbates tissue hypoperfusion, and consequently, the edema itself also contributes to progression of organ failure. Therefore, we thought that if we could increase COP before irreversible organ failure occurred, organ blood flow could be maintained and organ failure could be avoided without exacerbation of edema.
Underlying the pathogenesis of pediatric MODS with shock and DIC is a high degree of SIRS and increased vascular permeability, which causes leakage of proteins outside of the blood vessels and establishment of severe CLS [9]. Although administration of steroids and gamma-globulin is expected to have a certain effect on CLS, the effect takes time to develop, which may lead to irreversible organ failure in the meantime.
Therefore, we thought it would be possible to increase COP if we could administer a large amount of protein in a short period of time by minimizing the amount of added water, so we devised a method of limiting the water load by using FFP as a replacement fluid for HDF (PHDF), which is one of the blood purification therapies. Furthermore, PHDF could reduce the side effects associated with large doses of FFP by using dialysis therapy. One hour after the start of PHDF, HR decreased despite the increase in CVP and MAP, suggesting an increase in effective circulating blood volume. After completion of PHDF, we continued to perform CHDF. Thereafter, CVP peaked on day 1, showed a decreasing trend, and the dose of catecholamines also decreased, suggesting that the circulating blood volume was maintained within an appropriate range.
On the day after PHDF, TP increased to 1.6 (1.4–2.3) times relative to the level before the start of PHDF, and then did not decline until day 7 in most cases, although the rate of increase in TP levels after PHDF was lower in the two patients who died early. PHDF was shown to be a powerful tool for elevating COP in pediatric critically ill patients, but the patients in whom COP did not increase could not survive. Further studies on FFP dosage and timing of treatment initiation are needed to maximize the therapeutic benefit. FO is an independent prognostic factor in pediatric patients with multiple organ failure [22]; a negative fluid balance by day 3 is associated with an improved prognosis according to a previous report [23]. In our study, a negative fluid balance on day 2 suggested that PHDF could improve FO and may be an effective tool for treating children with FO.
SIRS not only causes CLS, which increases vascular permeability and leads to circulatory failure (shock) due to reduced COP, but also causes systemic coagulopathy, i.e., DIC. In particular, suppressed-fibrinolytic-type DIC, in which TAT and PAI-1 are markedly increased but PIC is only mildly increased, is associated with increased thrombus formation and a marked decrease in organ blood flow [6]. All nine patients in the present study presented with suppressed-fibrinolytic-type DIC, which was considered to be an exacerbating factor for tissue hypoperfusion. After PHDF, TAT, and PAI-1 showed a downward trend and the LMHW DIC score showed a downward trend, indicating that PHDF was also effective against suppressed fibrinolytic-type DIC. However, in cases of death (case 7), TAT and PAI-1 showed a downward trend, but IL-6 showed an upward trend, confirming that control of DIC alone is not sufficient to improve the disease and that control of SIRS is also necessary in some cases.
Blood purification for critically ill patients has been performed for renal replacement therapy and removal of humoral mediators but has not been shown to improve outcomes significantly. TPE can replace coagulation factors in addition to cytokine removal [24], has been shown to be effective in MODS with DIC, and has demonstrated benefit in thrombocytopenia-associated multi-organ failure in children [25]. However, ultrafiltration is not possible with TPE, which may worsen FO. TPE may also exacerbate metabolic alkalosis, hypernatremia, and hypocalcemia associated with large amounts of FFP as well as exacerbate CLS due to reduced COP. For this reason, it is recommended that when PE is performed, HDF should be performed at the same time [14]. However, the combination of PE and HDF increases the extracorporeal circulating volume, which makes it dangerous to do so in critically ill children [26].
PHDF is a kind of HDF that uses FFP as replacement fluid. In this study, we used the UT-S series® of CTA membranes, a high cutoff (HCO) filter with an average pore size of 7.5 nm and a molecular weight cutoff of 55 kDa. Although continuous renal replacement therapies using HCO membranes have been reported to effectively remove inflammatory mediators and improve the hemodynamics of septic patients [27, 28], since IL-6 clearance is defined by the filtration rate, the clearance range in this study was 7–45 mL/min (QF = 200 + 10 ml/kg/h, weight 2.1–13 kg) at the highest, suggesting that cytokine removal by PHDF had little effect on blood levels. However, three of the four patients whose blood levels of IL-6 were measured showed a decrease in IL-6 levels on the day after PHDF. This finding may be because PHDF ameliorated MODS and, consequently, improved SIRS. However, because some patients, such as the patient in case 7, do not show a decrease in IL-6, we need to consider protocols using cytokine-adsorbing hemofilters, such as AN69-ST membranes, to increase the amount of cytokine removal in the future.
Limitation
This study had some limitations. First, because the study included extremely sick patients, the severity of the disease varied, and various treatments were administered prior to the initiation of PHDF, all of which may have influenced the effectiveness of those treatments. The number of cases in future studies needs to be increased to confirm the usefulness of the study findings. Second, because this was a single-center pilot study without a control group, randomized controlled trials are needed to confirm a benefit. However, the study is significant because it provided a treatment for patients with a predicted mortality rate > 50%. Third, although no short-term adverse effects were observed with FFP, long-term adverse effects, such as viral infections, need to be further investigated. Fourth, if elevated COP is the most important factor in the efficacy of PHDF, then, an albumin solution could be used instead of FFP, and further studies with PHDF using an albumin solution should be conducted in the future.
Conclusions
PHDF seems to have found to be effective in the treatment of DIC and circulatory failure by supplementing coagulation and antithrombotic factors, as well as by raising COP to increase circulating blood volume. As a result, PHDF may improve organ function and reduce mortality in children with severe MODS.
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