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Abstract

:

Vancomycin is a glycopeptide antibiotic used for prophylaxis and treatment of infections caused by methicillin-resistant Staphylococcus aureus. Although major organ sizes and functions mature during infancy, pharmacokinetic studies, especially those focused on infants, are limited. Changes in extracorporeal membrane oxygenation-related drug disposition largely contribute to changes in pharmacokinetics. Here, pharmacokinetic profiles of vancomycin in an infant receiving extracorporeal membrane oxygenation therapy are presented. A two-month-old Japanese infant with moderately decreased renal function was started on 12.0 mg/kg vancomycin every 8 h from day X for prophylaxis of pneumonia during extracorporeal membrane oxygenation therapy. As the trough concentration of vancomycin observed on day X+3 was 27.1 μg/mL, vancomycin was then discontinued. The trough concentration decreased to 18.6 μg/mL 24 h after discontinuation, and 9.0 mg/kg vancomycin every 12 h was restarted from day X+5. On day X+6, the trough concentration increased to 36.1 μg/mL, and vancomycin therapy was again discontinued. On day X+7, the trough concentration decreased to 22.4 μg/mL. The pharmacokinetic profiles of vancomycin based on first-order conditional estimation in this infant were as follows: plasma clearance = 0.053 L/kg/hour, distribution volume = 2.19 L/kg, and half-life = 29.5 h. This research reported the prolonged half-life of vancomycin during extracorporeal membrane oxygenation in infants with moderately decreased renal function.
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1. Introduction


Vancomycin (VCM) is a glycopeptide antibiotic used in the treatment of resistant Gram-positive infections, especially those caused by methicillin-resistant Staphylococcus aureus [1]. The total clearance (CL) of VCM is related to renal function because it is eliminated by glomerular filtration [2]. Moreover, the distribution volume (Vd) is generally affected by body weight. The Food and Drug Administration has proposed classifying the pediatric population as neonates (birth to 1 month of life), infants (1–24 months), children (2–11 years), and adolescents (12–18 years) based on the complex changes and the anatomical, biochemical, and physiological differences related to age [3]. Pediatric patients have a very wide range of physical development processes from newborns to adolescents, which have different effects on the CL and Vd of VCM at each growth process in the pediatric population [4]. Therefore, understanding the pharmacokinetic (PK) profile of VCM is critical for establishing an optimal dosing regimen for VCM.



Extracorporeal membrane oxygenation (ECMO) is a cardiopulmonary support system used in patients with potentially reversible respiratory or cardiac failure and works by increasing the circulating blood volume and transiently altering renal function [5]. ECMO increases the risk of serious infections because of its invasiveness, central catheter-related bacteremia, multiorgan failure, and immunosuppression. Therefore, antibiotics are frequently used for both the prophylaxis and treatment of patients treated with ECMO [6]. However, since ECMO increases circulating blood volume and transiently alters renal function, it may affect the PK profiles of antibiotics in patients treated with ECMO [7].



To date, several studies have investigated the effects of ECMO on the PK of VCM in the pediatric population [8,9]. However, no study has focused on infants. Here, the PK profile of VCM in an infant who underwent ECMO therapy is presented.




2. Case Report


A two-month (65 days)-old Japanese male infant (gestational age: 41 weeks, birth weight: 3178 g, birth height: 50.0 cm, and Apgar score: 8–9) had a history of circulatory insufficiency of ventricular septal defect and interruption of the aortic arch. After Norwood and right ventricle-to-pulmonary artery conduit surgery (day X−4), lactic acidosis (lactate: 20 mmol/L, pH: 7.11) was observed. In addition, a decline in blood pressure (101/30 mmHg) and saturation of percutaneous oxygen level (40–50%) were observed. Since the patient was in a complicated state with poor ventilation and severe neonatal circulatory failure, intensive care including Veno-Arterial (VA) ECMO therapy (priming volume: 300 mL; BIOCUBE C2000P, HP2 03248702H0, HP2 03248706H0, NIPRO) were started on day X−4. Since sepsis, disseminated intravascular coagulation, and convulsions were observed, administration of 60 mg meropenem (13.6 mg/kg, body weight: 4380 g) every 8 h (h) were started on day X−4 as empiric therapy. On day X, increased white blood cell (WBC) count and C-reactive protein (CRP) levels were observed (WBC: 9.5 × 103/μL, normal range: 3.3–8.6 × 103/μL; CRP: 6.2 mg/dL, normal range: <0.1 mg/dL). For a prophylaxis of pneumonia, VCM (0.5 g vancomycin hydrochloride for i.v. infusion, meiji) was administered as an intravenous (IV) infusion over 60 min immediately after collecting one set of suction phlegm cultures. The initial VCM dose was 55 mg (12.5 mg/kg) administered every 8 h (5:00, 13:00, and 21:00). The serum trough concentrations were measured using the PETINIA method (Dimension Xpand, Siemens). A trough sample was obtained 30 min before VCM administration. Since serum trough concentrations of VCM were 27.1 μg/mL at 13:00 on day X+3, VCM administration at 21:00 on day X+3, 5:00 and 13:00 on day X+4 was discontinued. At 24 h after the first trough measurement, the serum trough concentration of VCM decreased to 18.6 μg/mL at 13:00 on day X+4, and the VCM dose was restarted from day X+5 at 40 mg (9.0 mg/kg) every 12 h. After conducting a clamp test for ECMO weaning on days X+5 and X+6, an elevated WBC count (16.9 × 103/µL) and an increased CRP level (22.7 mg/dL) were noted. Despite reducing the VCM dose from day X+4, the serum concentration of VCM increased to 36.1 μg/mL on day X+6, and VCM was again discontinued. The next day (day X+7), the serum trough concentration decreased to 22.4 μg/mL. An increase in serum creatinine (SCr) and blood urea nitrogen (BUN), and a decrease in renal function was observed from day X to day X+7 (day X vs. day X+7: SCr, 0.5 mg/dL vs. 0.7 mg/dL; BUN, 45.7 mg/dL vs. 91.6 mg/dL; glomerular filtration rate [GFR], 55.4 mL/min/1.73 m2 vs. 39.5 mL/min/1.73 m2). GFR was calculated as follows: GFR (mL/min/1.73 m2) = 0.45 × height (cm)/SCr (mg/dL) [10,11]. Based on the extrapolation of the criteria for adults, moderately decreased renal function was observed after ECMO therapy and administration of VCM [12]. VCM was administered to day X+14. The height of the infant at VCM administration was 61.5 cm. Suction phlegm and blood cultures collected on days X, X+4, X+6, and X+13 were all negative. The summary of laboratory variables in this infant case are provided in Table 1.




3. Pharmacokinetic Profile


The PK parameters based on observed serum VCM concentrations on day X+3 (27.1 μg/mL) and day X+4 (18.6 μg/mL) were calculated using first-order conditional estimation because VCM administrations were skipped during these periods. The t1/2 and k based on observed serum VCM concentrations of 27.1 μg/mL (C0) and 18.6 μg/mL (C) were calculated using the equation of C = C0 × e−kt. The t1/2 and k were 29.5 h and 0.024 h−1, respectively. The Vd was calculated to be 2.19 L/kg using the equation of    C  t r o u g h   =      ( S )   ( F )   (  d o s e  )    V d     1 −  e  − k τ     ×  e  − k τ     [13], where S is the salt index (1.0), F is bioavailability of VCM (1.0), and τ is the duration of VCM administration (8 h). The CL was calculated to be 0.053 L/kg/h using the equation of CL = k × Vd. C is the subsequent VCM concentration, C0 is the initial VCM concentration, e is the base of the natural logarithm, k is the elimination rate constant, t is the time interval between the initial and subsequent VCM concentrations.




4. Discussion


To date, one case report and two PK studies investigating the optimal dosage of VCM in pediatric patients treated with ECMO have been published [6,14,15]; however, these studies have focused on neonates from birth to one-month-old in age. Here, an increase in VCM concentration and prolongation of VCM elimination is reported in an infant patient receiving VCM during ECMO therapy, which was due to decreased renal function and increased Vd. These findings indicate the importance of extended dosing intervals and close monitoring of VCM concentrations in infants treated with ECMO. Regarding PK study of neonates receiving VCM during ECMO therapy, Amaker et al. reported the PK profiles of VCM in 12 neonates undergoing ECMO (mean SCr = 1.2 ± 0.5 mg/dL; severely decreased renal function), and the results were compared with previously published data. They showed increased Vd and t1/2 and decreased plasma CL levels [16]. In addition, Buck compared the PK profiles of VCM in neonates receiving ECMO therapy (n = 15; mean SCr = 0.8 ± 0.1 mg/dL; moderately decreased renal function) with neonates who did not receive ECMO therapy (n = 15; mean SCr = 0.6 ± 0.2 mg/dL; moderately decreased renal function) using steady state peak and trough concentrations, and the study found relatively larger Vd and lower plasma CL and a significantly prolonged t1/2 in neonates receiving ECMO therapy [6]. Although VCM CL is strongly associated with SCr [16], these two reports demonstrated similar PK changes. Therefore, the VCM profiles in infants may be similar to those in neonates undergoing ECMO therapy.



Body composition and organ maturation in the pediatric population develop during the first two years of age [17,18]. Total body water, expressed as percentage of body weight, decreases with age, from approximately 80% in neonates to 60% by one year of age; these changes could affect the Vd of VCM [19]. The volume of priming fluid in the ECMO system is likely to have a more profound effect on Vd of VCM in neonates and infants who have a smaller circulating blood volume compared with older children and adults because of a larger priming/blood volume ratio [20]. In this infant, the blood volume is estimated to be approximately 374 mL (85 mL/kg) [21]. Combining the blood and priming volume of ECMO (300 mL), the circulating blood volume is expected to more than double during ECMO therapy [21,22]. Regarding other factors, physiologic changes related to ECMO support and critical illness can also affect Vd. Exposure to the ECMO circuit results in an inflammatory response, which often results in increased Vd by capillary leak and edema. In addition, the renin-angiotensin system in the kidney can be upregulated, possibly related to non-pulsatile blood flow seen in VA EMCO. Upregulation of the renin-angiotensin system alters handling of fluids and can change the ratio of fluids in the body fluid compartments [22,23].



Administering VCM 10–20 mg/kg every 8–48 h depending on postmenstrual age, weight, and SCr has commonly been recommended for infants to achieve an area under the blood concentration-time curve (AUC) of 400 mg × h/L [24,25]. However, these studies enrolled infants who did not receive renal replacement therapy or ECMO. A PK study in pediatric patients treated with ECMO showed prolonged t1/2 of VCM in neonates receiving ECMO therapy, indicating that a dose of 20 mg/kg once daily is recommended for VCM [16]. Therefore, once daily VCM administration may be an adequate regimen for infants during ECMO therapy. However, there are limitations to the proposal of an adequate dosage of VCM in this manuscript. Gentamicin pharmacokinetics have also been well described in infants on ECMO. However, results are not consistent. When compared with infants without ECMO, one study reported that infants on ECMO had increased Vd and decreased total CL [26]. Two other studies reported similar Vd with decreased total CL [27,28]. Another study reported no difference in Vd or total CL [29]. Although there is not a robust consensus, previous studies tended to recommend a standard dose with a longer dosing interval to account for decreased total CL seen in infants on ECMO.



Nephrotoxicity is a major adverse event associated with VCM. The incidence of nephrotoxicity further increases in pediatric patients who achieve a VCM trough concentration of >15 mg/L [30] and are concurrently administered nephrotoxic agents (that is, loop diuretics, vasopressors, angiotensin-converting enzyme inhibitors, and non-steroidal anti-inflammatory) [31]. In this infant, furosemide was concomitantly administered with VCM during ECMO therapy and the GFR decreased. Therefore, high trough concentrations of VCM and concomitant use of nephrotoxic agents might also influence the incidence of nephrotoxicity in infants.



This manuscript is a case report on the PK profile of VCM in infants and provides manuscript limitations to be addressed in the future. First, this is a case report of only one infant patient with very few available concentrations. Moreover, there is no PK model of VCM for only infant patients. Therefore, further study is needed to rigorously estimate the PK parameters of infant patients with ECMO therapy. Second, the AUC as well as trough concentrations are considered for any dosage recommendation to minimize treatment failure in the neonate population [32]. However, the influence of AUC on bactericidal effects has not been established in the infant population, which needs to be addressed in future studies.




5. Conclusions


In conclusion, this manuscript reported the PK profile of VCM during ECMO in an infant with moderately impaired renal function. Our case report indicates that a once-daily dose of VCM might be appropriate due to prolonged t1/2, and further studies to determine the adequate dosage of VCM in infants receiving ECMO therapy are needed. Moreover, early and frequent monitoring of VCM concentrations is important in infants receiving both nephrotoxic agents and ECMO therapy. This report is expected to facilitate the further development of VCM therapy for infants receiving ECMO therapy.
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Table 1. Laboratory variables during pre-ECMO (day X−4 to day X−1), ECMO (day X to day X+10), and post-ECMO (day X+11 to day X+14).
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	X−4
	X−3
	X
	X+1
	X+2
	X+3
	X+4
	X+5
	X+6
	X+7
	X+8
	X+9
	X+10
	X+11
	X+12
	X+13
	X+14





	Plasma free Hb, g/L
	
	0.08
	0.08
	0.06
	0.06
	0.09
	0.13
	0.03
	0.05
	0.09
	0.09
	
	
	
	
	
	



	SCr, mg/dL
	0.2
	0.4
	0.5
	0.5
	0.3
	0.3
	0.3
	0.5
	0.6
	0.7
	0.6
	0.6
	0.6
	0.4
	0.3
	0.3
	0.3



	GFR, mL/min/1.73 m2
	138.4
	69.2
	55.4
	55.4
	92.3
	92.3
	92.3
	55.4
	46.1
	39.5
	46.1
	46.1
	46.1
	69.2
	92.3
	92.3
	92.3



	BUN, mg/dL
	10.9
	11.2
	45.7
	70.8
	67.3
	72.4
	78.2
	85.3
	90.2
	91.6
	104.9
	109.3
	99.3
	107.8
	88.7
	80.0
	75.0



	AST, IU
	29
	55
	122
	115
	79
	73
	74
	43
	86
	100
	
	151
	
	57
	51
	49
	75



	ALT, IU
	25
	16
	34
	26
	23
	19
	20
	13
	21
	30
	43
	53
	50
	56
	57
	58
	58



	Thrombocytes, 103/µL
	276
	194
	53
	31
	77
	120
	121
	197
	167
	280
	172
	64
	51
	121
	119
	106
	107



	Total bilirubin, mg/dL
	0.2
	2.2
	2.4
	3.9
	2.3
	2.8
	2.8
	1.5
	2.5
	4.4
	4.7
	4.6
	4.2
	3.7
	2.9
	2.0
	1.6



	Serum potassium, mmol/L
	4.5
	4.7
	4.9
	3.8
	3.6
	3.7
	3.5
	4.1
	4.6
	5.0
	5.0
	4.3
	4.4
	3.9
	4.3
	3.2
	3.2



	CRP, mg/dL
	1.1
	1.1
	6.2
	3.0
	2.0
	2.7
	5.8
	6.6
	22.7
	25.8
	21.8
	12.2
	15.3
	11.3
	8.0
	6.4
	5.7



	PCT, ng/mL
	
	2.5
	
	1.5
	
	0.4
	
	
	
	>75.0
	>75.0
	73.3
	71.8
	42.7
	19.6
	8.0
	7.8



	BT, °C
	37.2
	36.8
	36.9
	36.5
	36.3
	36.7
	36.7
	36.6
	36.6
	37.3
	35.7
	37.1
	37.1
	36.5
	36.8
	36.3
	36.3



	Urine volume, mL/day
	618
	244
	239
	607
	554
	528
	363
	241
	744
	816
	544
	625
	603
	543
	484
	207
	501



	WBC, 103/µL
	8.8
	3.5
	9.5
	7.3
	10.5
	9.0
	8.6
	11.2
	16.9
	17.3
	16.3
	20.2
	20.8
	21.9
	22.1
	19.4
	18.6



	VCM dose
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	165 mg/day every 8 h

(37.7 mg/kg/day)
	
	
	○
	○
	○
	○
	
	
	
	
	
	
	
	
	
	
	



	80 mg/day every 12 h

(18.2 mg/kg/day)
	
	
	
	
	
	
	
	○
	
	
	
	
	
	
	
	
	



	40 mg/day every 24 h

(9.1 mg/kg/day)
	
	
	
	
	
	
	
	
	
	
	
	○
	○
	○
	○
	○
	○



	VCM concentration, μg/mL
	
	
	
	
	
	27.1
	18.6
	
	36.1
	22.4
	
	
	
	
	
	
	



	ECMO
	
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	○
	
	
	
	
	



	Rotational frequency, rpm
	
	2010
	2010
	2010
	2010
	2010
	1430
	1770
	1770
	1640
	1770
	1570
	
	
	
	
	



	Blood volume, L/min
	
	0.5
	0.5
	0.5
	0.5
	0.4
	0.2
	0.2
	0.2
	0.1
	0.3
	0.1
	
	
	
	
	



	Oxygen flow rate, L/min
	
	0.4
	0.3
	0.3
	0.1
	0.2
	0.1
	0.3
	0.2
	0.1
	0.1
	0.1
	
	
	
	
	







ALT: alanine aminotransferase, AST: aspartate aminotransferase, BT: body temperature, BUN: blood urea nitrogen, CRP: C-reactive protein, ECMO: extracorporeal membrane oxygenation, GFR: glomerular filtration rate, Hb: hemoglobin, PCT: procalcitonin, SCr: serum creatinine, VCM: vancomycin, and WBC: white blood cell.
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