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The Fuyou (Fy) formula is an in-hospital preparation consisting of traditional Chinese medicine (TCM) that has been used for treating precocious puberty (PP) for more than 20 years. In this study, we aimed to clarify the effect of the Fy formula and its major components on PP. To confirm the effect of the Fy formula on the release of hypothalamic gonadotropin-releasing hormone (GnRH), GT1-7 cells were treated with estrogen to build the model group and subsequently treated with the Fy formula and its major components to explore their effects on the secretion of GnRH. The level of GnRH in GT1-7 cells was determined using enzyme-linked immunosorbent assay. The results illustrated that, compared to the model group, the Fy formula inhibited the release of GnRH. In addition, the expression levels of proteins related to GnRH secretion, including GnRH, gonadotropin-releasing hormone receptor (GnRHR), Kiss-1 metastasis-suppressor (Kiss1), G-protein coupled receptor 54 (GPR54), estrogen receptor α (ERα), insulin-like growth factor-1 (IGF-1), and insulin-like growth factor-1 receptor (IGF-1R), were detected by real-time polymerase chain reaction (RT-qPCR). The results demonstrated that the Fy formula significantly reduced the level of GnRH secretion in the GT1-7 cell lines compared with the model group. Moreover, it significantly downregulated the expression of GnRH, GnRHR, Kiss1, GPR54, ERα, IGF-1, and IGF-1R. In summary, our results indicate that the Fy formula and its major components may inhibit the effects of estrogen, which alleviates PP through transcriptional regulation of target genes.
Keywords: precocious puberty, fuyou formula, GnRH, gene expression, KISS1, ER
INTRODUCTION
Precocious puberty (PP) is an endocrine disorder that is defined as puberty starting before the age of 9 in boys and eight in girls. Observational data from Europe show that breast development begins before the age of 8 years in 5% of girls. In China, the incidence of PP is approximately 1/50,000–10,000 population, and the male-to-female ratio is approximately 1:5–10 (Dong et al., 2019). The causes of pathological PP are normally categorized into central precocious puberty (CPP) and peripheral precocious puberty (PPP). Idiopathic CPP is the most common form of CPP, originating from the early activation of the hypothalamic-pituitary-gonadal (HPG) axis with pulsatile secretion of hypothalamic gonadotropin-releasing hormone (GnRH). Approximately 74% of girls with CPP have the idiopathic form (Bradley et al., 2020). CPP may also occur secondary to tumors involving the hypothalamus and congenital defects in neuronal migration, resulting in a heterotopic mass of GnRH-secreting neurons acting as an ectopic GnRH pulse generator. In the remaining situations, disruption of a normal inhibitory restraint on the onset of puberty is caused by an extensive variety of insults to the central nervous system (CNS) (Eugster and Pescovitz, 2001). These include hypothalamic tumors, cerebral malformations involving the hypothalamus, and congenital brain disorders, infections, or acquired injuries. PPP is often related to increased sex steroid levels independent of GnRH. It can be caused by virilizing tumors, including adrenal tumors, gonadal tumors, or human chorionic gonadotropin (hCG)-secreting germ cell tumors. Neoclassic tissues can then lead to an increase in androgen or estrogen production (Latronico et al., 2016). Familial male precocious puberty (FMPP) is caused by an activating mutation in the luteinizing hormone (LH) receptor gene. The activating mutation leads to the continuous activation of adenylate cyclase, resulting in gonadal autonomic hyperfunction. Congenital adrenal hyperplasia may lead to the excessive production of adrenal androgens. McCune-Albright syndrome and recurrent autonomous ovarian cysts caused by somatic activating mutations in the GNAS gene lead to an increase in the signal transduction of the GnRH signaling pathway. Children with PPP can easily develop CPP due to their early bone age and long-term hyperestrogenemia (Carel and Léger, 2008).
Puberty onset is thought to integrate diverse genetic and environmental signals (Leka-Emiri et al., 2017). The hypothalamic secretion of GnRH has been established as a pivotal pathway for initiating puberty onset. The synthesis and secretion of GnRH neurons in the hypothalamus are essential for the regulation of hormonal cascade effects, including pituitary gonadotropin release, ovarian maturation, and estrogen production. All of these hormonal events are necessary for normal sexual maturation and reproductive function. The release of GnRH activates the synthesis and secretion of LH and follicle-stimulating hormone (FSH) from the anterior pituitary, thus leading to the stimulation of gonadal function (Carel et al., 2004). Briefly, LH initiates the growth and ovulation of the corpus luteum in girls and release of androgen in boys. FSH mediates the formation and maturation of ovarian follicles in girls and spermatogenesis in boys, inducing secondary sexual characteristics (Kanasaki et al., 2017). Reproductive control of the HPG axis also facilitates negative gonadal feedback. GnRH is not the only hormone involved in puberty onset but is the most important factor identified to date. Therefore, the regulation of GnRH secretion and expression is critical for the pathogenesis of PP.
The pharmacological therapy for PP includes GnRH analogs (GnRHas), GnRH antagonists, and traditional Chinese medicine (TCM) Fy formula. GnRHas are the gold-standard management for CPP, as they provide continuous stimulation of pituitary gonadotrophs, resulting in the downregulation of the HPG axis and thus leading to decreased secretion of LH and FSH (Eugster and Pescovitz, 2001). Numerous studies have demonstrated that the use of GnRHas results in the stabilization of pubertal symptoms. Local side effects include pain at the injection site, sterile abscesses, and implant site reactions (Aguirre and Eugster, 2018). Other side effects include headache, hot flashes, decreased bone density, and vaginal bleeding (Fuqua, 2013). Several GnRHas have been synthesized and are currently under investigation in clinical trials. They exhibit high-affinity binding to the human GnRH receptor (GnRHR), leading to a rapid decrease in gonadal sex steroids to castrate levels; however, the detailed mechanism for this is still under investigation (M. Chen and Eugster, 2015).
TCM treating PP includes Zhibai Dihuang wan, Dabuyin wan and Fy formula. Zhibai Dihuang wan and Dabuyin wan were applied to yin deficiency, fire hyperactivity syndrome, phlegm dampness stagnation syndrome, liver depression and fire transformation syndrome. However, the recommendation level for the use of these two medicines are low, and there is no indication in the drug instruction. At present, there is no Chinese patent medicine with definite curative effect for treating PP are commercially available. The Fy formula is an in-hospital preparation used at Beijing Children’s Hospital, and it is composed of TCM and was developed by pediatric gynecologists according to the pathogenesis, etiology, and physical characteristics of children with PP. It was approved by the National Medical Products Administration (NMPA) as a compound preparation for TCM in hospitals in 2001. In the study of Fy formula treatment of 60 female with PP, it has been showed that the total effective rate is 83.3%. The changes of 60 cases before and after treatment were breast nucleus index, blood E2 level, number of positive cases of vaginal cell smear, bone age, uterine and follicular volume. The treatment can improve the symptoms of liver depression, yin deficiency and fire hyperactivity, reduce the level of estrogen and delay the speed of bone age maturation (Liu et al., 2009). It has also been reported that the Fy formula is able to regulate early pubertal symptoms, reducing the size of the mammary nucleus and effectively controlling estrogen levels and bone age. It has also been shown that the Fy formula exerts an inhibitory effect on female ovarian cysts complicated by PP, leading to a reduction in E2 levels and postponing the rate of bone maturation with no evident adverse effects (Pan et al., 2019).
It has been showed that the Fy formula induces downregulation of the mRNA expression of kiss1, GPR54, and GnRH in female rats (Bai et al., 2020). A previous integrated pharmacological study on the mechanism of Fy formula in treating PP demonstrated that it can effectively reduce the levels of FSH, LH, and E2 in Sprague-Dawley rats (Guo et al., 2021b). Also, the TCM-chemical component-target-pathway study based on integrated pharmacology illustrated that ERα, ERβ, IGF, and IGF1 are associated with PP, so these can be potential therapeutic targets for PP (Guo et al., 2021a). Therefore, in this study, we aimed to explore the effects of the Fy formula on the secretion of GnRH and expression of related genes in the treatment of PP.
MATERIALS AND METHODS
Materials and Reagents
Dulbecco’s modified Eagle medium (DMEM) was purchased from Corning (NY, United States). Fetal bovine serum (FBS) was obtained from Gibco (Grand Island, NY). Dimethyl sulfoxide (DMSO) was purchased from Sigma-Aldrich (St. Louis, MO, United States). Penicillin-streptomycin and 0.25% trypsin-EDTA were purchased from MacGene (Beijing, China). Mycoplasma Prevention Reagent (MycAway™) was obtained from Yeasen Biotech (Hong Kong, China). Phosphate-buffered saline (PBS) was purchased from Solarbio (Beijing, China).
The TCM standards estradiol (E2, serial number: 100,182-21,906, purity: 96.3%), quercetin (serial number: 100081-201610, purity: 99.90%), and luteolin (serial number: 111520-202006, purity: 94.40%) were purchased from the National Institutes for Food and Drug Control (Beijing, China). Apigenin (serial number: B20981-20 mg, purity: 98.00%) was purchased from Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai, China). The reagents were dissolved in DMSO (Sigma-Aldrich) and stored at 4°C.
Fy Formula Preparation
The Fy formula is an in-hospital preparation obtained by mixing the following 12 herbs: Prunella vulgarism L (Xiakucao), Carapax Trionycis (Cubiejia), Gentiana scabra Bunge (Longdan), Chrysanthemum morifolium (Ramat.) Hemsl (Juhua), Lycium chinense Mill (Digupi), Alisma plantago-aquatica L (Zexie), Scrophularia ningpoensis Hemsl (Xuanshen), Paeonia suffruticosa Andrews (Mudanpi), Rehmannia glutinosa (Gaertn.) DC (Shengdihunag), Hordeum vulgare L (Maiya), Concha oetreae (Muli), and Thallus laminariae (Kunbu) at the ratio of 1.5:1:0.6:0.6:1:1:1.5:0.6:1.2:2:3:1. All herbs were purchased from the Beijing Bencao Fangyuan Pharmaceutical Group Co. Ltd., and the Fy formula was prepared by the Preparation Center of Beijing Children’s Hospital (approval number: Z20053679; lot number: 20201202).
Cell Cultures
The GT1-7 cell line (mouse GnRH neuronal cell line) was kindly provided by Prof. P. Mellon (University of California, San Diego, CA, United States). GT1-7 cells were grown in a monolayer culture in DMEM (Corning) supplemented with 10% FBS (Gibco), 1% penicillin-streptomycin (Macgene), and 0.5% Mycoplasma Prevention Reagent (Yeasen Biotech). The cultures were incubated at 37°C in an atmosphere of 5% CO2 in a 25 mm flask (Corning) for 2 days after seeding, with a medium change at 24 h. The cells were then washed twice with PBS and digested with 0.25% trypsin-EDTA (MacGene). When more than half of the cells were observed to become round under a microscope, serum-containing medium was added to terminate the digestion. After obtaining a single-cell suspension, the cells were cultured in an incubator and inoculated three times for subsequent experiments. The cells were treated with different treatments in serum-free medium (SFM) for 24 h depending on the experiment.
CCK-8 Assay
Cell counting kit-8 (CCK-8) was purchased from Solarbio (Beijing, China). To assay the toxicity of the Fy formula, quercetin, luteolin, apigenin, and GT1-7 cells were seeded in 96-well plates at a density of 2.0×105 cells/well. After 24 h of incubation, the cells were pretreated with 100 pmol/L E2 in SFM overnight. The cells were then incubated with 75, 150, 225, 300, 450, and 525 μg/ml of Fy formula or 5, 10, 15, 20, 30, and 40 μmol/ml of quercetin, luteolin, and apigenin separately in SFM for 24 h. Subsequently, the cells were treated with 10 μL of CCK-8 solution (Gibco) for 1 h at 37°C and 5% CO2. The optical density (OD) was determined by measuring the absorbance at 450 nm using a microplate reader (BioTek Synergy, United States).
ELISA
To determine the concentration of GnRH, GT1-7 cells were seeded in 24-well plates. The cells were treated with E2, Fy, quercetin, luteolin, and apigenin, as previously described. After treatment, the supernatants were collected. Relative GnRH concentrations in the supernatant were determined using the mouse GnRH ELISA kit from mlbio (Shanghai, China) with serial dilutions of 80, 40, 20, 10, 5, and 0 mIU/mL as a standard curve.
RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction
The cells were seeded in 6-well plates and treated with E2, Fy, and TCM, as described previously. At the end of the treatment, total RNA was extracted from GT1-7 cells using an RNA Easy Fast Tissue/Cell Kit (TIANGEN BIOTECH Co., Ltd, Beijing, China) according to the manufacturer’s protocol. The RNA samples were quantified using a microplate reader (BioTek Synergy, United States) at 260/280 nm. First-strand cDNA was prepared using 2 μg RNA reverse-transcribed with a FastKing RT Kit (TIANGEN BIOTECH Co., Ltd, Beijing, China). The synthesized first-strand cDNA was stored at −80°C until use. mRNA expression was analyzed using a 7500 Fast Real-Time PCR system (Applied Biosystems, United States) with the following thermocycling conditions: 50°C for 2 min, 95°C for 10 min, and 40 cycles of 95°C for 15 s and 60°C for 60 s. Single-stranded oligonucleotide primer sets were designed (Tianyi Huiyuan, Beijing, China) to target β-actin, Erα, Kiss1, GPR45, GnRH, GnRHR, IGF1, and IGF1R. The primer sequences used for qRT-PCR are listed in Table 1. Data were analyzed using the 2ΔΔCt method, and mRNA expression was normalized to that of β-actin.
TABLE 1 | Primer sequences used in quantitative real-time polymerase chain reaction.
[image: Table 1]Statistical Analysis
All experiments were performed in triplicate independently and data were expressed as mean ± SD. Significant differences were analyzed by one-way analysis of variance (ANOVA), and the data were plotted using Prism7 software (GraphPad software, Inc., San Diego, United States). Statistical significance was determined using p < 0.05.
RESULTS
Composition Analysis of the Fy Formula
The TCM components of the Fy formula are listed in Table 2. Prunella vulgaris L. and Carapax trionycis exert effects on the liver that can nourish yin, moderate heat, and relieve congestion. Gentiana scabra Bunge, Chrysanthemum morifolium (Ramat.) Hemsl, Lycium chinense Mill, Alisma plantago-aquatica L., Scroophularia ningpoensis Hemsl, Paeonia suffruticosa Andrews, and Rehmannia glutinosa (Gaertn.) DCs can nourish yin, eliminate dampness, and cool blood. Hordeum vulgare L, Concha oetreae and Thallus laminariae act on the liver to relieve congestion and are used as adjuvants. As previously reported, five compounds were recognized with the HPLC-MS/MS method from Fy formula including Luteolin, Quercetin, Apigenin, Kaempferol and Emodin. Also, the concentration of these five target components in Fy Formula were determined using preliminary LC-MS/MS method, the concentration of Luteolin, Quercetin and Apigenin are much higher than Kaempferol and Emodin in Fy formula. Therefore, the compounds with higher concentration were selected in the experiment. (Guo et al., 2021a). We aimed to determine the effects of the Fy formula and its major components, including luteolin, quercetin, and apigenin, on GnRH secretion and related gene expression in PP treatment.
TABLE 2 | Composition of the Fy formula.
[image: Table 2]Effects of Luteolin, Apigenin, Quercetin, and the Fy Formula on the Proliferation of GT1-7 Cells
The nontoxic concentrations of Fy and its major chemical components in GT1-7 cells were evaluated based on cell viability. The CCK-8 assay was performed to examine the proliferation of GT1-7 cells following treatment with different concentrations of luteolin, apigenin, quercetin, and Fy. As demonstrated in Figure 1, the GT1-7 cells treated with high concentrations of the Fy formula and its major components showed reduced cell proliferation activity compared to the control group cells. The cell proliferation activity of the GT1-7 cells was not significantly different at concentrations of 5 and 10 μM for luteolin, apigenin, and quercetin and concentrations of 450 μg/ml and 525 μg/ml for the Fy formula compared to the control group. To ensure that the Fy formula was administered at a concentration sufficient to exert the desired effect, the final concentrations of 10 μM and 525 μg/ml were selected for use in subsequent experiments.
[image: Figure 1]FIGURE 1 | Effects of luteolin, apigenin, quercetin, and the Fy formula, at different concentrations, on GT1-7 cells. The CCK-8 assay was conducted to determine cell proliferation in the GT1-7 cells after treatment with luteolin, apigenin, quercetin, and the Fy formula at different concentrations.
The Fy Formula, Luteolin, Apigenin, and Quercetin Inhibit GnRH Secretion in GT1-7 Cells
After pretreatment of the GT1-7 cells with E2, ELISA was performed to determine the level of GnRH in the GT1-7 cells. The GnRH concentration in the culture medium is shown in Figure 2. Comparing the model and control groups, the E2 treatment resulted in an increase in GnRH secretion. Moreover, treatment with the Fy formula, luteolin, apigenin, and quercetin led to a significant reduction in the concentration of GnRH in the culture medium and thus inhibited the increased level of GnRH secretion caused by E2 in GT1-7 cells.
[image: Figure 2]FIGURE 2 | Effects of luteolin, apigenin, quercetin, and the Fy formula on GnRH secretion. Cells pretreated with E2 stimulate the secretion of GnRH, and the level of GnRH secretion decreases when coincubated with luteolin, apigenin, quercetin, and the Fy formula. ***p < 0.0001 compared to the model group.
The Fy Formula, Luteolin, Apigenin, and Quercetin Inhibit GnRH, GnRHR, Kiss1, GPR54, ERα, IGF-1, and IGF-1R Expression in GT1-7 Cells
To further analyze whether the potential molecular mechanism of the Fy formula on GnRH secretion in GT1-7 cells is via the GnRH receptor, E2 receptor, Kiss1/GPR54 signaling pathway, or IGF-1, the mRNA expression levels of these genes were quantified by RT-qPCR (Figure 3). GT1-7 cells treated with E2 showed significantly upregulated gene expression of GnRH, GnRHR, Kiss1, GPR54, ERα, IGF-1, and IGF-1R. In contrast, GT1-7 cells treated with the Fy formula, luteolin, apigenin, and quercetin showed downregulated expression of all genes involved in GnRH secretion. These results indicate that the effect of the Fy formula is mediated by inhibiting the expression of GnRH itself, as well as GnRHR, Kiss1, GPR54, ERα, IGF-1, and IGF-1R, which are related to GnRH secretion.
[image: Figure 3]FIGURE 3 | Effects of luteolin, apigenin, quercetin, and the Fy formula on the expression of GnRH, GnRHRc, Kiss1, GPR54, ERα IGF-1, and IGF-1R, which are involved in GnRH secretion. *p < 0.05, **p < 0.001, and ***p < 0.0001 compared to the model group.
DISCUSSION
In our previous study, five major chemical components of the Fy formula were identified using HPLC-MS/MS: luteolin, quercetin, apigenin, kaempferol, and emodin (Guo et al., 2021b). Three compounds with higher concentration were selected in the experiment including Luteolin, Quercetin and Apigenin. The association of ERα, ERβ, IGF, and IGF1 with PP are identified by “TCM-chemical component-target-pathway” study based on integrated pharmacology, which indicated that these proteins can be the potential targets for treating PP (Guo et al., 2021b). Moreover, it has been reported that the treatment with Fy formula can result in a significantly reduction in the level of E2, LH and FSH in Sprague-Dawley rats (Guo et al., 2021b). Furthermore, it has been illustrated that the Fy formula is able to downregulate the expression of Kiss1, GPR54, and GnRH in female rats (Bai et al., 2020).
As an in-hospital preparation at Beijing Children’s Hospital, the Fy formula has been used for the treatment of PP for more than 20 years. Clinical data illustrated that the Fy formula significantly reduced the level of estrogen in the blood serum of patients. It can also delay bone maturation and decrease the mammary gland size in women with PP. Furthermore, TCM research has revealed that the herbs used in the preparation of the Fy formula have intervention effects on ovarian cysts in girls complicated with PP. Taken together, these findings indicate the clinical benefits of the Fy formula, which is an advantageous therapeutic approach owing to its low cost. However, the mechanism of action of the Fy formula in treating PP has not been fully clarified.
GT1-7 cells are a valuable GnRH-expressing cell model with a number of characteristics common to normal GnRH neurons. In addition, GT1-7 cells express a number of genes relevant to reproduction, circadian rhythm, and energy homeostasis, including GnRH, Kiss1, and GPR54. Estrogen has been proven to be the main regulator of GnRH neuronal function in the female brain, which possesses a bimodal effect on the hypothalamic–pituitary axis. In GT1-7 cells, estrogen exerts a stimulatory effect at low concentrations (Qian et al., 2020) and an inhibitory effect at high concentration on the secretion of GnRH and gonadotropin (Roy et al., 1999). It has been suggested that the binding sites for E2 in the plasma membrane of GT1-7 cells share structural homology with classical estrogen receptors (ERs) at their carboxy-terminal domain (Morales et al., 2007). To investigate the effects of the Fy formula on GnRH secretion and related gene expression in PP treatment, we incubated GT1-7 cells with E2 (100 pmol/L) for 24 h, followed by the Fy formula, luteolin, apigenin, or quercetin for another 24 h. Our results showed that E2 treatment increased the release of GnRH from the GT1-7 cells and established a PP model in GT1-7 cells. However, the level of GnRH in the GT1-7 cells was decreased by treatment with the Fy formula, luteolin, apigenin, and quercetin compared to that in the model group. This suggests that the Fy formula can significantly reduce GnRH secretion.
To determine the role of potential targets associated with GnRH secretion in the effects of the Fy formula on PP, gene expression was analyzed. Our results showed that GnRHR, Kiss1, GPR54, ERα, IGF-1, and IGF-1R mRNA levels were higher in the model group than in the control group. We also found that, compared to the model group, the Fy formula significantly downregulated the expression of GnRH secretion-related genes, including GnRHR, Kiss1, GPR54, ERα, IGF-1, and IGF-1R, in GT1-7 cells. Taken together, these results indicate that the Fy formula and its major components, including luteolin, apigenin, and quercetin, are able to inhibit GnRH secretion in GT1-7 cells by inhibiting the expression of related genes, weakening the binding between signaling molecules and their receptors, and ultimately reducing the pulsed secretion of GnRH, thus reducing the activation of downstream pituitary and gonadal development and alleviating the symptoms of PP.
GnRH is a decapeptide that serves as a vital element in the regulation of the reproductive cycle and sexual maturation. GnRH drives the release of pituitary gonadotropic hormones, including LH, FSH, and gonadotropin, by interacting with pituitary gonadotropes through binding to its high-affinity receptor GnRHR on the cell surface (Tzoupis et al., 2020). GnRHR belongs to the G protein-coupled receptor family (GPCRs) that is characterized by seven transmembrane domains. It has been demonstrated that GnRHR gene expression is dependent on GnRH pulse in rat pituitary cultures, with increased mRNA expression levels being observed under high pulse frequency. In response to varying GnRH pulses, GnRHR appears to differentially activate multiple distinct signaling pathways implicated in the synthesis of both LH and FSH (Stamatiades and Kaiser, 2018). In our study, it was shown that the Fy formula and its major components could significantly suppress the expression of both GnRH and GnRHR, indicating that the Fy formula may delay pituitary gonadotropic hormone release and alleviate PP.
Recent research has demonstrated that signaling by kisspeptin through its receptor, G protein-coupled receptor GPR54 (also called Kiss1R), is the most potent stimulator of GnRH-induced gonadotropin release (Chan et al., 2009 and; Blaustein, 2010). Kisspeptin is encoded by the KISS1 gene, which contacts GnRH neurons within the hypothalamus and induces GnRH release by binding to its receptor, GPR54 (Mayer and Boehm, 2011). Subsequently, GnRH reaches the pituitary gland through portal circulation and initiates the secretion of pituitary gonadotropins (Trevisan et al., 2018). Kisspeptin treatment in immature rodents and primates was able to induce activation of the gonadotropic axis and precocious pubertal development (Kanasaki et al., 2017). Serum kisspeptin-54 levels were higher in girls with CPP than in prepubescent controls, implying that kisspeptin secretion may stimulate the onset of puberty (C.-Y. Chen et al., 2013). It has also been reported that in GPR54-overexpressing GT1-7 cells, intracellular signaling, such as extracellular signal-regulated kinase (ERK) activation and protein kinase A (PKA) signaling pathways, were activated, resulting in increased GnRH receptor expression in response to kisspeptin (Kanasaki et al., 2017 and; Kang et al., 2009). Therefore, the development of kisspeptin antagonists may be a new approach for treating PP. In our results, we found that the Fy formula can target kisspeptin and its receptor GPR54 by suppressing their mRNA expression, thus inhibiting their activity.
IGF-1 is an important somatotropic hormone that mediates the regulation of the reproductive axis. In addition, it has emerged as a prime candidate for having a significant role in the onset of puberty. IGF-1 may promote the secretion of prepubertal GnRH, and the level of IGF-1 increases in the circulation as puberty approaches, which can advance the timing of puberty (Dees et al., 2021). Multiple findings suggested that IGF-1 may prime pituitary gonadotrophs and stimulate the synthesis of GnRHR and FSH during puberty onset in prepubertal salmon. Also, IGF-1 enhances pituitary gonadotropic hormone release, which accelerates puberty onset in rats (Luckenbach et al., 2010). More recent findings have depicted a later action of IGF-1 in regulating the synthesis and release of kisspeptin. It has been reported that IGF-1 activates kiss-1 in female rats, expressing kisspeptins that are involved in the secretion of pituitary gonadotropins at puberty, as previously described (Hiney et al., 2009). Furthermore, girls with CPP have remarkably higher levels of IGF-1 and insulin than healthy girls (Sørensen et al., 2012 and; Kanety et al., 1996). Our research on GT1-7 cell lines further corroborated that the Fy formula appears to downregulate the expression of IGF-1 and its receptor, inhibiting their activity in pubertal development and hence relieving PP.
With respect to the E2, several studies have reported that it alters pulsatile GnRH secretion through the binding and activation of ERs (Thomas and Dong, 2006). The ER is a member of the nuclear receptor superfamily that participates in the transcriptional regulation of multiple genes. The classic ER signaling pathway is initiated by the binding of estrogen to its receptor. Two isoforms of ER have been described: ERα and ERβ. This leads to receptor dimerization and subsequent combination with the estrogen response element located on the promoter of target genes, which finally activates gene transcription (Radovick et al., 2012). ERα may contribute to the feedback regulation of kisspeptin expression during pubertal development (Clarkson, 2013), which is associated with the restraint of GnRH release prior to puberty onset, followed by enhanced initiation of GnRH secretion and thus prompt reproductive maturation throughout puberty (Mayer et al., 2010). In contrast, ERβ may directly participate in estrogen regulation by regulating neuronal activity, gene expression, and pulsatile secretion of GnRH (Wolfe and Wu, 2012 and; Fixemer et al., 2003). Our research suggests that the Fy formula can inhibit this effect, demonstrating that the gene expression levels of both ERα and kiss-1 are repressed by the TCM components of the Fy formula.
However, this study remains few limitations that need to be considered. First of all, the effects of Fy formula against PP have been identified in vitro, the effects of Fy formula in treating PP in vivo still need to be verified in the future by comparing the level of GnRH secretion and gene expression before and after the treatment of Fy formula. Secondly, the mechanism of protein interactions in treating PP still need to be further clarified.
CONCLUSION
In conclusion, we have shown evidence of inhibitory effect of Fy formula in GnRH secretion in GT1-7 cell lines and have shown that Fy formula down regulates GnRH gene expression in vitro. The Fy formula also suppresses the expression level in all genes that involved in the GnRH secretion including GnRHR, Kiss1, GPR54, ERα, IGF-1, and IGF-1R, and hence delay the pituitary gonadotropic hormone release and alleviating the symptoms of PP.
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Acute appendicitis is the most common surgical emergency in children. Despite the high incidence rate of appendicitis, it is sometimes misdiagnosed or missed. Complex appendicitis (CA) in children is characterized by a critical condition, several complications, and high mortality. Precision distinguishing between simple appendicitis and CA correctly is key to choosing appropriate treatment. A safe, cheap, rapid, extensive and accurate diagnostic marker of appendicitis will be of great significance for emergency general surgeons to treat suspected CA. Many studies have investigated possible diagnostic markers for the diagnosis of CA in children. In this study, studies related to CA in children in recent years are summarized, and the related markers and scoring system for the diagnosis of CA in children are summarized.
Keywords: complex appendicitis, children, biomarkers, rating related, review
BACKGROUND
Acute appendicitis can be divided into simple appendicitis (SA) and complex appendicitis (CA) according to the severity of the disease. Diagnosis of CA is based on appendix perforation, appendix gangrene, appendix abscess, intra-abdominal abscess, and fecal peritonitis (Pham et al., 2016; Hajibandeh et al., 2020), CA is more common in children, with a prevalence of up to 30% (Yu et al., 2019). However, due to nonspecific symptoms and difficulties in accurate physical examination, distinguishing between SA and CA in children remains a challenge. The application of biomarkers in the diagnosis of CA has the advantages of easy collection, no limitations based on operator skill, and no radiation exposure compared with other diagnostic modalities. Our study summarizes biomarkers and the scoring system related to the diagnosis of CA in children to diagnose this disease more quickly and increasing the time for follow-up treatment. (Figure 1).
[image: Figure 1]FIGURE 1 | Markers for pediatric complex appendicitis.
SINGLE INDEX
Soluble CD40 Ligand
sCD40L has both pro-thrombotic and pro-inflammatory effects (de Lizarrondo et al., 2012; Seibold and Ehrenschwender, 2015; Liu et al., 2018). When the body experiences an inflammatory response, sCD40L stored in unstimulated platelets aggregates, followed by stimulation of nuclear factor-κB signaling, causing upregulation of pro-inflammatory and pro-thrombotic factors.
Studies have shown that sCD40L has excellent sensitivity and specificity in predicting CA in children. sCD40L levels below 178.00 pg/ml in the first 3 days of appendicitis can exclude the diagnosis of ruptured appendicitis (RA). Conversely, sCD40L above 301.00 pg/ml confirms the diagnosis of appendicitis and may have a high probability of RA (Huang et al., 2021). In these cases, further testing may not be necessary to confirm the diagnosis in patients with suspected appendicitis.
Plasma Fibrinogen
Under physiological conditions, the plasma concentration of fibrinogen ranges from 2 to 4 g/L (Tennent et al., 2007). However, under pathological conditions, such as infection, post-injury inflammation or diseases associated with vascular rupture, plasma fibrinogen concentrations can increase several-fold (Luyendyk et al., 2019). Therefore, fibrinogen is considered to be a marker of acute inflammation (Adams et al., 2004). An increase in fibrinogen in the blood can indicate that inflammation has been increased in the organism; it can also indicate the development of vascular inflammatory disease (Kayapinar et al., 2019; Luyendyk et al., 2019).
Studies have shown that fibrinogen has relatively high specificity and acceptable sensitivity as a laboratory marker for predicting perforated appendicitis (PA) (Feng et al., 2014). Fibrinogen can also be an important indicator to exclude CA (Li et al., 2011). Children with plasma fibrinogen levels > 520 mg/dl are more likely to have CA (Prada-Arias et al., 2017).
Hepcidin
Hepcidin is synthesized in hepatocytes and is a major hormonal regulator of iron metabolism, an antimicrobial peptide, and an acute phase reactant. For healthy children, the interquartile range for hepcidin was shown to be 21.90 ng/ml (Kumar et al., 2019). In inflammatory and infectious conditions, hepcidin synthesis is regulated by interleukin (IL)-6 and lipopolysaccharide (Rodriguez et al., 2014; Arezes et al., 2015). Hepcidin has direct antimicrobial activity and helps host defense by depriving microorganisms of this essential iron mineral (Ganz, 2003; Michels et al., 2015).
Kaiser et al. found that the serum hepcidin level of SA and CA in children was significantly increased. In addition, the accuracy of the combination of leukocytes and C-reactive protein (CRP) for the diagnosis of acute appendicitis can be improved by increasing serum hepcidin levels (Kaiser et al., 2018).
CRP
CRP is an acute temporal protein important for detecting occult inflammation and active disease (Clyne and Olshaker, 1999). Many researchers believe CRP has good diagnostic value for CA. Perforation should be considered in children with high CRP levels and free fluid or abscess formation by ultrasonography (Boettcher et al., 2017). Yang et al. found that increased WBC levels, CRP levels, and absolute value of neutrophils were associated with an increased likelihood of perforation (Yang et al., 2019). Beltran et al. (Beltrán et al., 2007) indicated that the CRP level and its sensitivity increased gradually from symptom to diagnosis, and the specificity at 12, 24, and 48 h from symptom to diagnosis was still very high (90%). However, the diagnostic accuracy of CRP reached its highest value within 12 h, after which it decreased significantly.
Different researchers have reached different conclusions regarding the threshold value of CRP for diagnosis of CA. Several studies have shown that children with CRP values in the range of 10–50 mg/L suggest uncomplicated appendicitis, while CRP > 50 mg/L strongly suggests CA (Kafetzis et al., 2005; Xharra et al., 2012). It has also been suggested that CRP values > 50 mg/L are more likely to indicate CA (Wu et al., 2012). A retrospective study by Zani et al. found that CRP and WBC levels increased in proportion to the severity of appendicitis. Children with CRP below 40 mg/L had an 80% chance of not having CA (Zani et al., 2017).
Procalcitonin
PCT is a good marker of severe bacterial infection. PCT levels increased with the severity of infection (Meisner, 2014). PCT is less accurate than CRP and WBC in the diagnosis of acute appendicitis, but more accurate in the diagnosis of CA (Yu et al., 2013; Cui et al., 2019). Patients with PCT levels > 0.18 ng/ml and/or CRP > 3 mg/dl are at higher risk of peritonitis and should be closely monitored; more stringent treatment should be administered early (Gavela et al., 2012).
Bilirubin
Hyperbilirubinemia is defined as bilirubin levels greater than 20.5 μmol/l (Emmanuel et al., 2011). One prospective study showed that an increase in total serum bilirubin can be used as an indicator of appendicitis perforation in children (Pogorelić et al., 2021a). Bilirubin levels are highly specific for the diagnosis of complicated appendicitis; a 2.0-fold increase in the likelihood of complicated appendicitis was observed in patients with elevated bilirubin levels (Noh et al., 2012). In addition, total bilirubin > 21.38 mol/L was a predictor of appendicitis perforation (Yamazaki et al., 2021). As serum bilirubin level is an economical, simple, and available laboratory index, it should be recommended for preliminary evaluation of acute appendicitis in pediatric patients.
Soluble B7H3
B7H3, an immune checkpoint molecule belonging to the B7-CD28 family, is associated with the regulation of T cells (Janakiram et al., 2017). Release of sB7H3 may regulate B7H3R/B7H3 interactions in vivo (Zhang et al., 2008). This marker has been increasingly used to detect a number of inflammatory conditions (Chen et al., 2009; Chen et al., 2013a; Xu et al., 2019). Du et al. found that sB7H3 is important in predicting acute appendicitis and its severity in children, and sB7H3 > 36.146 ng/ml is statistically significant for the diagnosis of CA. The combination of CRP and sB7H3 increases the accuracy of PA diagnosis (Du et al., 2020).
Hyponatremia
Hyponatremia refers to a serum sodium concentration ≤ 135 mmol/L. Research suggests hyponatremia may be a useful tool for predicting PA (Pogorelić et al., 2021b). It is unclear why hyponatremia usually accompanies CA patients, but it may be mediated by antidiuretic hormone (Käser et al., 2013; Pham et al., 2016; Pogorelić et al., 2019; Yang et al., 2019; Giannis et al., 2020; Lindestam et al., 2020).
Routine Urine Test
A routine urine test is helpful to distinguish SA from PA. Chen et al. (Chen et al., 2013b) found that urinary ketone bodies, nitrate, urinary specific gravity, pH, WBC count and red blood cell (RBC) count all appeared to be important predictors of PA. Compared with children with SA, children with PA are more likely to be positive for ketone bodies and nitrates, higher urinary proportion, lower urinary pH, more urinary WBCs, and more urinary RBCs. In addition, urine RBC count (≥ 2.0/hpf) and WBC count (≥ 4.0/hpf) can be important predictors of appendiceal perforation or appendiceal abscess in children.
Cluster of Differentiation 64
Quantitative expression of neutrophil CD64 serves as a sensitive and specific laboratory indicator of the presence of sepsis or systemic acute inflammatory response, thus suggestive of a variety of inflammatory conditions (Xini et al., 2019; Hashem et al., 2020; Patnaik et al., 2020). Levels of CD64 were found to predict the occurrence of advanced appendicitis or PA; CRP levels and CD64 expression on leukocytes could better predict the diagnosis of CA (Ozguner et al., 2014).
Interleukin (IL)-6
IL-6 is an important natural immune cytokine closely related to the degree of inflammation. Researchers often use IL-6 as an indicator of the degree of systemic inflammation (Raeburn et al., 2002). IL-6 plays an important role in differentiating simple and advanced cases of appendicitis (Türkyilmaz et al., 2006).
BLOOD ROUTINE RELATED INDEXES
Percentage Lymphocyte Count
Virmani et al. demonstrated that the percentage lymphocyte count is a better indicator than the neutrophil to lymphocyte ration (NLR) and total leukocyte count (TLC) in distinguishing SA from CA. The threshold value for lymphocyte count is 14.8%. Values less than this are considered CA whereas values greater are considered SA (Virmani et al., 2018; Celik et al., 2019).
WBC Count
WBC count is not sensitive and specific enough to distinguish PA from non-perforated appendicitis (Grönroos, 2001). However, the use of CRP alone or WBC count in combination with CRP helps to differentiate between PA and non-perforated appendicitis (Grönroos, 2001). CRP levels > 50 mg/l and leukocyte counts > 104/mm3 were effective adjuncts to predict appendiceal perforation (Kafetzis et al., 2005; Buyukbese Sarsu and Sarac, 2016; Yang et al., 2019; Zvizdic et al., 2021).
However, some studies have reached an opposite conclusion, suggesting the increase in leukocyte count is a risk factor for CA (Beltrán et al., 2007; Siddique et al., 2011; Şahbaz et al., 2014), and its sensitivity increases with the duration of symptoms (Beltrán et al., 2007; Ngim et al., 2014). Okamoto et al. (Okamoto et al., 2006) found that an increase in WBC count 48 h after the onset of pain is a prognosis marker of CA. In addition, Beltra et al. (Beltrán et al., 2007) demonstrated that WBC count can also distinguish between SA and PA. The diagnostic accuracy was high (80%) at 12 and 48 h, and beyond 49 h, decreasing to 70% at 24 h.
Neutrophil Percentage
Neutrophil percentage can be used to diagnose CA, with elevated neutrophil percentage (> 74%) and CRP (> 8 mg/dl) levels predicting a more than five-fold increased risk of PA (Yang et al., 2019). A neutrophil count greater than 75% is considered CA (Virmani et al., 2018).
Neutrophil-to-Lymphocyte Ratio
Neutrophil-to-lymphocyte ratio (NLR) is a simple and easily calculated marker of the body’s inflammatory status (Käser et al., 2010). Because it provides information about two different inflammatory and immune pathways, we believe NLR is valuable in predicting appendicitis and its severity. Hajibandeh et al. demonstrated that children with NLR > 8.8 are at higher risk of CA (Hajibandeh et al., 2020).
Percentage of Immature Granulocytes
In recent years, it has been found that the Ig percentage can be used as a marker of infection and that this percentage can be measured automatically in a new generation of hemograms. It has the advantage that it can be measured easily and quickly without incurring additional costs (van der Geest et al., 2014; Pavare et al., 2018; Zeng et al., 2020). Studies have demonstrated that an elevated Ig percentage can predict CA, with a sensitivity of 85.4% and a specificity of 61.5% when the Ig percentage is 35%. Because it is quick and easy to measure, does not require additional blood collection, and does not incur additional costs, IG percentage may be the test of choice for diagnosing patients with CA (Güngör et al., 2021). (Table 1)
TABLE 1 | Related markers in the diagnosis of complex appendicitis in children and corresponding values.
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Pediatric Appendicitis Score
PAS includes the following indicators: 1) cough/shock/jumping abdominal pressure in the right lower abdomen, 2), anorexia, 3), fever, 4), nausea/vomiting, 5), pain in the right iliac fossa, 6), leukocytosis, 7), polymorphonuclear neutrophilia, and 8) painful migration. All of these variables were scored as 1 except for signs (1 and 5), which were scored as 2, for a total score of 10. The score is now widely used to diagnose acute appendicitis in children. A score ≥ 6 is consistent with a diagnosis of appendicitis (Samuel, 2002). PAS may be related to the pathological progression of appendicitis and the severity of the disease. PAS ≥ 8 can be used for the diagnosis of CA (Fujii et al., 2020). Fujii et al. demonstrated that symptom duration > 1 day, CRP > 4 mg/dl and PAS ≥ 8 predicted CA, which was more convincing than a single indicator of any of these three.
Appendicitis Scoring System in Children
Lee et al. developed a scoring system capable of differentiating CA in children under 10 years of age, which consisted of five risk factors: diarrhea, anorexia, temperature, CRP level, and presence of periappendiceal free fluid on radiological examination. Among them, fever (Bonadio et al., 2018; Obinwa et al., 2015; Peng et al., 2006; van den Bogaard et al., 2016; Atema et al., 2015; Augustin et al., 2011) and CRP level (van den Bogaard et al., 2016; Lee et al., 2021; Barreto et al., 2010; Bröker et al., 2012) were found to be predictors of CA in previous studies. The advantages of this score over other scores is that it includes CRP levels and excludes indistinguishable symptoms, such as pain metastasis and nausea.
To reduce the risk of delaying treatment due to misclassification of CA as uncomplicated appendicitis using this scoring system, this score uses a score of 4 as the threshold value to distinguish CA from SA. Appendectomy should be considered if the patient meets both an ASS score of four and CRP ≥ 50 mg/L or has two or more risk factors (Lee et al., 2021).
Appendicitis Inflammatory Response Score
The AIR score includes vomiting, right iliac fossa pain, muscle tension, temperature, neutrophil grading, WBC, and CRP. Because it is primarily based on objective inflammatory markers, this score has the advantage of high repeatability in different environments, independent of the inspector’s experience. Pogoreli et al. found that the AIR score was able to distinguish PA from non-perforated appendicitis; ≥ 9 (AIR score) is a good index of appendix perforation, with a sensitivity of 89.5% and a specificity of 71.9% (Pogorelić et al., 2021c).
Heidelberg Appendicitis Score
HAS includes four factors (persistent pain, right lower abdominal tenderness, rebound tenderness, and appendicitis by ultrasound). Current studies have shown that perforation in children with appendicitis can be identified by using HAS as it can reliably detect PA in children and exclude perforation if the score is negative (Boettcher et al., 2017).
Stiel et al. proposed a modified Heidelberg score including ultrasound showing appendicitis, CRP > 20 mg/L, rebound tenderness, leukocytes > 11 × 109/L and right lower abdominal tenderness. Modified Heidelberg appendicitis provides good predictability for both general appendicitis and PA (Stiel et al., 2020). (Table 2)
TABLE 2 | Different scoring systems for diagnosing complex appendicitis in children, including the different weighing factors for each score.
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Research on relevant markers for the diagnosis of CA in children is gradually increasing. Biomarkers and scoring systems for children allow for earlier diagnosis, which not only reduces the number of unnecessary surgeries, but also reduces complications and helps to significantly reduce the cost of treating patients with acute abdominal disease. All markers list in the manuscript are helpful for diagnosis of CA, however, no index can diagnose CA at an accuracy of 100%; based on the overall consideration, we recommend PAS. Although, the review focuses the markers for the precision diagnosis of complex appendicitis in children. related markers for CA are as same as medical history, physical examination and imaging examinations. Appropriate selection of diagnostic markers and scoring systems for predicting CA in children is important for determining the best treatment strategy. There are several non-routine indexes for diagnosis of CA; therefore, more researches about the non-routine indexes need to be performed to verify their significance and they can be routine test for diagnosis of CA. The research on some biomarkers is still in its infancy, and further investigation is needed to refine the reference value for diagnosing CA, diagnostic accuracy, and clinical applications of CA.
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Objective: To estimate the clinical effectiveness of oseltamivir in children with different subtypes of influenza virus infection.
Methods: A total of 998 children with acute respiratory infection were enrolled from January to March 2018, and were divided into influenza A, influenza B, influenza A + B, and non-influenza infection (IV-negative) groups. Influenza-like symptoms and duration of fever were evaluated and compared between oseltamivir-treated and non-treated groups.
Results: There were no significant differences in the reduction in total febrile period and duration of fever from the onset of therapy between the oseltamivir treated and non-treated children infected with influenza A (p = 0.6885 for total febrile period and 0.7904 for the duration of fever from the onset of treatment), influenza B (p = 0.1462 and 0.1966), influenza A + B (p = 0.5568 and 0.9320), and IV-negative (p = 0.7631 and 0.4655). The duration of fever in children received oseltamivir therapy within 48 h was not significantly shorter than that beyond 48 h (p > 0.05). Additionally, percentages and severities of influenza-like symptoms, including headache, myalgia, fatigue, bellyache, vomiting, diarrhea, sore throat, cough, and coryza were not decreased and alleviated after treatment of oseltamivir.
Conclusion: Oseltamivir treatment does not significantly shorten the duration of fever, nor does it significantly relieve influenza-like symptoms in children with infection of influenza.
Keywords: clinical effectiveness, Oseltamivir, treatment, influenza, children
INTRODUCTION
Seasonal influenza epidemics, caused by the influenza A (H1N1 and H3N2) and influenza B viruses pose a great threat to the health of children each year (Lytras et al., 2019; Mott et al., 2021). The annual incidence rate of seasonal influenza can be up to 30% in the entire pediatric population (Esposito and Principi, 2016). Moreover, seasonal influenza infection is usually characterized by severe clinical manifestations and complications, such as rhinosinusitis, pneumonia, myocarditis, encephalitis, gastroenteritis, acute otitis media, and acute respiratory distress syndrome, resulting in considerably high hospitalization and mortality rates in children (Neuzil et al., 2000; Ferdinands et al., 2011; Antonova et al., 2012; Asseri et al., 2021; RothDiPrinzioFisher, 2021).
Currently, there are only two classes of specific antiviral drugs that have been approved for the treatment of influenza virus infections: M2-ion channel inhibitors and neuraminidase inhibitors (NAIs) (YipSelim et al., 2018). M2-ion channel inhibitors are only effective against influenza A virus, and are rarely recommended for clinical use because most influenza strains have developed resistance to them (Toledo-Rueda et al., 2018; Vorobjev, 2021). Hence, NAIs, which include oseltamivir, zanamivir, lanimamivir, and peramivir, are the only available anti-influenza virus drugs (Zwillenberg et al., 2021). Oseltamivir is the most widely prescribed NAI and has been extensively used in the prophylaxis and treatment of both influenza A and influenza B virus infections (Davies, 2010). Additionally, oseltamivir is the most commonly used drug in children (Esposito and Principi, 2016).
Despite the fact that influenza poses a great burden on children and oseltamivir is widely used for the treatment of influenza in this population, there are few studies on the clinical efficacy of oseltamivir in children compared to adults, or on the effectiveness of oseltamivir in infection caused by the different subtypes of the influenza virus. In this study, we analyzed a large number of children who were diagnosed with influenza A, influenza B, co-infection with influenza A and influenza B (designated as influenza A + B), and non-infection with influenza A or B (designated as IV-negative) using an influenza antigen detection test kit, and who were treated with oseltamivir or not. The intensity of symptoms and duration of fever were compared to assess the efficacy of oseltamivir treatment.
METHODS
Study Design and Participants
The observational real-world study was conducted in Shanghai Children’s Medical Center, a 1000-bed tertiary teaching hospital in Shanghai, China. Patients were enrolled from January 2018 to March 2018.
The criteria for enrollment in this study were formulated in accordance with the guidelines for the diagnosis and treatment of influenza issued by the Ministry of Health of China in 2011, and by the respiratory group of the Chinese Academy of Pediatrics in 2015. The inclusion criteria were children aged 0 months to 16 years with influenza-like illness (such as fever, acute upper respiratory symptoms or other systemic symptoms) or a positive rapid influenza test result who visited the outpatient department or emergency department of the hospital. No exclusion criteria were used for enrollment. Detailed patient information, including the courses of treatment, and influenza-like symptoms, such as fever, cough, coryza (sneezing, runny nose, nasal congestion), sore throat, headache, myalgia, fatigue, bellyache, vomiting, and diarrhea was recorded. Moreover, the body temperature of the children should have been measured at least two times per day (8:00 and 20:00, body temperature <37.0°C was considered afebrile). The severity of cough and coryza was divided into four degrees: absent, mild, moderate, and severe. The white blood cell (WBC) count, blood platelet count (BPC), C-reactive protein (CRP), hemoglobin (Hb), and percentage of neutrophils (N%) were measured by routine peripheral blood examination before administration of any treatment.
Influenza Antigen Detection Test
Influenza antigens were detected in nasal and laryngeal specimens. A colloidal gold immunochromatographic assay (Wondfo Co., Ltd.) was performed for the rapid detection of influenza virus A and B antigens. This method uses highly unique monoclonal antibodies against the influenza A and B viruses. When the antigen concentration of the sample to be tested is higher than the minimum, it forms a complex with the labeled antibody, moves, and is captured by the monoclonal antibody of influenza virus nucleoprotein under the action of chromatography to form a red reaction line. The test is completed within 15–20 min. The accuracy of the colloidal gold immunochromatographic assay with virus isolation, which is considered the gold standard for influenza detection, was 90.24–92.09% for influenza A, 98.36%–99.59% for influenza B, and 87.39–90.70% for influenza A + B.
Oseltamivir is the only approved anti-influenza drug for the treatment of children. After a comprehensive analysis of the children’s symptoms, age, preference, and presence of chronic diseases, children weighing <37.5 kg were treated with oral oseltamivir at a dose of 2 mg/kg, and children weighing ≥37.5 kg were treated with oral oseltamivir at a dose of 75 mg twice a day for five consecutive days. After the initial treatment, a follow-up clinical examination was conducted on days 3 and 10 to monitor the disease progression.
Statistical Analysis
Statistical analyses were performed using SPSS and GraphPad Prism version 6. Chi-square test, unpaired Student’s t-test, and one-way ANOVA followed by Tukey’s multiple comparison test were used for statistical comparisons and statistical analysis. Statistical differences between the two groups are indicated by ∗(p < 0.05), ∗∗(p < 0.01), ∗∗∗(p < 0.001), ∗∗∗∗(p < 0.0001).
RESULTS
Characteristics of the Patients
A total of 998 children with the mean age of 4.82 ± 2.73 years were enrolled in the present study. Of these, 325 were infected with influenza A virus (266 were treated with oseltamivir and 59 were not), 232 were infected with influenza B virus (172 were treated with oseltamivir and 60 were not), 51 were co-infected with influenza A and influenza B viruses (45 were treated with oseltamivir and six were not), and 390 were IV-negative (23 were treated with oseltamivir, 365 were not and two were off the record for the information of oseltamivir treatment was not available) according to the results of influenza antigen detection tests. The demographic characteristics of the children are summarized in table 1. The sex, average time until treatment, N% and BPC did not differ significantly among the four groups, with p values of 0.142, 0.6714, 0.2410, and 0.1135, respectively (Table 1). However, significant differences were observed in the age, peak body temperature (Supplementary Figure S1), peak body temperature over the past 24 h, WBC count, and Hb among the four groups, with p values of 0.0002, 0.0000, 0.0000, 0.0023, and 0.0163, respectively (Table 1).
TABLE 1 | Characteristics of children patients enrolled in this study.
[image: Table 1]Duration of Fever
Inconsistent with the results of previous studies that oseltamivir is effective in shortening the duration of fever after the onset of treatment in influenza (Kawai et al., 2006; Groeneveld et al., 2020), our results showed that though the total febrile periods in children infected with influenza A or influenza B treated with oseltamivir were shorter than those not treated with oseltamivir, the differences were not statistically significant (p = 0.6885 for influenza A and 0.1462 for influenza B). Total febrile periods in patients of infected with A + B or IV-negative treated with oseltamivir were higher than those in patients not treated with oseltamivir (p = 0.5568 for influenza A + B, and 0.7631 for IV-negative) (Table 2). Furthermore, the total febrile period in influenza A treated with oseltamivir was not shorter than that in influenza B treated with oseltamivir (p = 0.6457), nor was it shorter in influenza A compared to influenza A + B (p = 0.3168), and in influenza B compared to influenza A + B (p = 0.3817).
TABLE 2 | Comparison for the duration of fever of oseltamivir treated and non-treated children infected with different subtypes of influenza.
[image: Table 2]The duration of fever from the commencement of oseltamivir therapy was also compared to assess the effectiveness of oseltamivir. There was no statistically significant difference between the oseltamivir treatment and non-treatment groups, with p values of 0.7904 (influenza A), 0.1966 (influenza B), 0.9320 (influenza A + B), and 0.4655 (IV-negative) (Table 2). The differences in the fever duration from the start of oseltamivir treatment between influenza A and influenza B (p = 0.8376), influenza A and influenza A + B (p = 0.4114), influenza B and influenza A + B (p = 0.4617) were not statistically significant.
Overall, oseltamivir did not shorten the duration of fever, regardless of the onset of illness or the onset of treatment.
Time From the Onset of Symptoms to the Start of Oseltamivir Treatment
Previous studies have shown that oral oseltamivir treatment should be started within 48 h of symptoms onset (Groeneveld et al., 2020). Hence, we analyzed the effect of the time from the onset of therapy on the effectiveness of oseltamivir. As shown in Table 3, regardless of whether treatment was initiated within or beyond 48 h, oseltamivir did not shorten the fever duration (p = 0.1186–0.9003 for the total febrile period and p = 0.0964–0.7716 for fever duration from the onset of treatment). Except the duration of fever from the onset of treatment when treatment was started beyond 48 h in children infected with influenza A (the average duration in oseltamivir treated children was 7.5 h longer than that in non-treated children), oseltamivir treatment reduced the fever period by 2–10 h in children, but there were no statistical differences (Table 3).
TABLE 3 | Effect of time to start of oseltamivir administration on duration of fever.
[image: Table 3]Although the percentages of children infected with influenza A and influenza B afebrile within 24 and 48 h from onset of oseltamivir treatment were higher than those of oseltamivir non-treatment, no significant difference was observed. The percentage of body temperature of children treated with oseltamivir become normal within 24 h were up to 27.27–32.43% compared to 22.00–29.22% in oseltamivir non-treated groups (Table 4). Within 48 h, the percentages of children afebrile with oseltamivir treatment were 69.23–72.97%, which were higher than 56.6–64.00% of the oseltamivir non-treated groups (Table 4).
TABLE 4 | Percentage of patients afebrile within 24 and 48 h from onset of treatment.
[image: Table 4]Symptoms of Influenza-Like Illness
Coryza and cough were the most common influenza-like symptoms, followed by the less common symptoms of fatigue, sore throat, headache, vomiting, bellyache, and myalgia, with diarrhea being the most common (Supplementary Figure S2A). The percentage of each symptom showed a decreasing trend over time (0 d, 3 d, and 10 days after treatment), and there were almost no symptoms at 10 days after treatment except for cough and coryza (Supplementary Figures S2A–C), indicating that influenza was in the process of resolution. Comparison of the percentage of symptoms in patients treated and not treated with oseltamivir revealed that there were no significant differences between the two groups, with the exception of diarrhea 3 days after treatment in the IV-negative group (oseltamivir treated vs. oseltamivir non-treated was 4/18 vs. 16/290, p = 0.0216), which indicates that oseltamivir treatment may not relieve influenza-like symptoms; conversely, it may have exacerbated some symptoms in IV-negative children (Figure 1).
[image: Figure 1]FIGURE 1 | Comparision of influenza-like symptoms of oseltamivir treated and non-treated groups. (A): Percentage of influenza-like symptoms of oseltamivir treated and non-treated groups before treatment. (B): Percentage of influenza-like symptoms of oseltamivir treated and untreated groups after 3 days of treatment. (C): Percentage of influenza-like symptoms of oseltamivir treated and untreated groups after 10 days of treatment.
Moreover, the severity of cough and coryza was divided into four degrees. The rate of moderate and severe coryza tended to show a decrease compared to absent and mild coryza, which tended to increase with time. There was a significant difference in the cough severity after 3 days of influenza B treatment between the oseltamivir treated group and the oseltamivir non-treated group (number of cases of absent, mild, moderate, and severe cough in the oseltamivir treated group were 39, 91, 6, and 5, respectively, whereas the number of cases of absent, mild, moderate, and severe cough in the non-treated oseltamivir were 11, 31, 14, and 2, respectively, p = 0.0000) (Figure 2). In addition, no differences were found in the severity of cough and coryza between the oseltamivir treated and non-treated groups (Figure 2).
[image: Figure 2]FIGURE 2 | Comparision of the severities of cough and coryza of oseltamivir treated and non-treated groups. (A): Comparision of the severities of cough of oseltamivir treated and non-treated groups. (B): Comparision of the severities of coryza of oseltamivir treated and non-treated groups.
Adverse Effects
Although oseltamivir is generally well tolerated, adverse effects are reported to be relatively common in patients, especially in infants and young children (Rath et al., 2015). The proportion of adverse events in children treated with oseltamivir (51/506) was significantly higher (p = 0.0000) than in those not treated with oseltamivir (14/490), which was consistent with previous studies (Jefferson et al., 2014). The proportions of adverse effects induced by oseltamivir were 4/23 (17.39%) in the IV-negative group, 21/266 (7.89%) in influenza A infection, 19/172 (11.05%) in influenza B infection, and 7/45 (15.56%) in influenza A + B infection, whereas in the non-treated children, adverse effects were observed in proportions of 3/365 (0.82%), 5/59 (8.47%), 6/60 (10.00%), and 0/6, respectively. There was a significant difference (p = 0.000) in adverse events between the oseltamivir treated (4/23) and non-treated (3/365) children in the IV-negative group, but no significant differences were found in children with influenza A (oseltamivir treated vs. oseltamivir non-treated was 21/266 vs. 5/59, p = 0.9071), influenza B (19/172 vs. 6/60, p = 0.8219), and A + B (7/45 vs. 0/6, p = 0.6828). Nausea (n = 31) and bellyache (n = 15) were the most common adverse effects reported in children treated with oseltamivir, and all the adverse events were mild to moderate. Other adverse effects induced by oseltamivir, including dizziness, nosebleed, stomachache, and poor appetite, were less common. No neuropsychiatric symptoms were observed, and treatment was not prematurely withdrawn for adverse events in any patient (Table 5).
TABLE 5 | Adverse effects after treatment.
[image: Table 5]DISCUSSION
Although oseltamivir demonstrated excellent safety and tolerability in vivo (Davies, 2010), in recent years, many experts have raised doubts and controversies regarding the efficacy of oseltamivir treatment in patients with influenza, especially children. The most important reason is that there are significantly fewer studies in children than in adults, let alone studies to compare the effectiveness of oseltamivir in the treatment of different subtypes of influenza. In addition, there were some design defects in observational studies on the effect of oseltamivir, such as the number of children being too small for the analysis or the criteria of effectiveness being different for comparison. Furthermore, influenza in children can lead to multiple complications, and whether the children develop a chronic illness remains unknown. In the present study, we enrolled a large number of children who were diagnosed with an influenza-like illness, and they were divided into four groups: influenza A, influenza B, influenza A + B, and IV-negative based on the results of the influenza antigen detection test kit for the identification of the subtypes of influenza. The clinical effectiveness of oseltamivir in the treatment of different subtypes of influenza was evaluated and compared. As an observational study on the efficacy of oseltamivir, this research not only provides a large amount of data on influenza in children, but also has important implications for the management of influenza B, whose epidemiology and impact on public health are less understood and often underestimated.
The limited clinical effectiveness of oseltamivir in the treatment of influenza has been reported previously. Muthuri et al. pointed out that although NAIs treatment was associated with reduced mortality in adult patients infected with influenza A H1N1pdm09, the mortality risk was not reduced in pediatric patients (Muthuri et al., 2014). Santtu et al. demonstrated that oseltamivir could not decrease the incidence of acute otitis media even after starting therapy within 24 h. In addition, oseltamivir was been demonstrated no efficacy against influenza B infection in children (Heinonen et al., 2010). Wang et al. summarized that treatment of children with oseltamivir resulted in a reduction in the duration of the illness and alleviation of symptoms, although it did not achieve statistical significance (Wang et al., 2012). There has been much debate surrounding the efficacy of oseltamivir, including the lack of significant therapeutic effect on the incidence of pneumonia, sinusitis, bronchitis, and otitis media (Heinonen et al., 2010; Toovey et al., 2012; Wang et al., 2012; Jefferson et al., 2014; Muthuri et al., 2014). In accordance with the previous studies, although there were no significant differences between the oseltamivir treated and non-treated groups in the present study, oseltamivir therapy showed a trend towards reducing the duration of fever in children infected with influenza A and influenza B (no. of children not treated with oseltamivir was five, which is too small for statistical analysis). In terms of the symptom relieving effects, oseltamivir treatment and non-treatment groups were comparable. Whether the safety of oseltamivir treatment is greater than its effectiveness has also been questioned. Nguyen reported the case of a 14-year-old girl who was treated with oseltamivir, and developed systemic lupus erythematosus, systemic vasculitis, chronic pancreatitis, and eventually died of the complications (Nguyen et al., 2010). In addition, psychiatric side effects after oseltamivir treatment are more common in children than in adults (JhonKimKangKimLeeKim, 2021). Influenza viruses mutate easily, and there is little treatment for oseltamivir-resistant influenza (HanpaiboolLeelawiwatTakahashiRungrotmongkol, 2021; Macesic et al., 2021).
Considering the fact that oseltamivir has no significant effect on the treatment of influenza in the clinic and the high rate of side effects in children, it is important to identify suitable antiviral alternatives. Favipiravir (T-705), an inhibitor of viral RNA polymerase, has been proven to be effective in the treatment of influenza viruses, including NAI-resistant variants, and is also a potential drug for treating Ebola virus disease virus (EVD) and severe acute respiratory syndrome coronavirus type 2 (SARS-cov-2) (FangHuangLiChengTanLiu, 2020; DziedziejkoPawlik, 2021). Baloxavir marboxil (baloxavir), a novel influenza cap-dependent inhibitor of endonuclease-selective polymerase acidic protein, has shown clinical efficacy in rapidly reducing the viral load, shortening the duration of fever, and relieving symptoms (Chong et al., 2021; Portsmouth et al., 2021). In addition, compared to the ineffectiveness of NAIs, the efficacy of single and combined use of favipiravir was excellent in vivo (Imai et al., 2017; Wang et al., 2020). However, these antiviral drugs are still approved for restricted use or clinical trials in some countries. In addition to anti-influenza drugs, the usefulness of influenza vaccines cannot be overemphasized. Influenza vaccination in susceptible children has been shown to be an effective measure for preventing influenza virus infection, but a “Universal” vaccine with a broad spectrum of protection needs to be developed due to rapid viral mutations (Rolfes et al., 2019; Niang et al., 2021).
This study has some limitations, which must be noted. First, it was performed in a general practice setting instead of in the context of a rigorous clinical protocol. Second, the number of children infected with the different subtypes of the influenza virus varied greatly, as did the number of oseltamivir treated and non-treated children, especially the number of non-treated children infected with influenza A + B, which was too small for statistical analysis. Third, the administration of oseltamivir within 48 h referred to less than 48 h from the onset of fever, instead of the onset of symptoms. It is difficult for infants and young children (aged <2 years) to express the onset of symptoms. Hence, fever, as an important indicator of influenza, can be detected by the measurement of temperature and is much more accurate and convenient to record. Nonetheless, therapy within 48 h from the onset of fever does not mean it was within 48 h from the onset of symptoms, unless fever was the first symptom. In addition, although a lot of efforts had been made to collect children raw data, there are still some gaps. For example, we collected 325 children infected with influenza A, but in terms of statistics of duration of fever, only 270 children were counted, partly because several children were afebrile (n = 1), and partly because of the lack of original data (n = 54). And we displayed the number to statistics in brackets in each table to solve this problem. It is worth mentioning that the data presented here showed that oseltamivir has no significant effect on relieving influenza-like symptoms, instead of in treating influenza. In this study, we did not perform assay on influenza virus isolation or virus resistance. Hence, the role of oseltamivir in reducing viral particle release is hard to clarify in this study. Data of children from 2018 influenza epidemic season was analyzed in this study, more data and other influenza epidemic seasons should be collected for further studies to verify the conclusion.
In conclusion, the evidence presented in this research shows that the duration of fever in children with influenza virus infection was not reduced by the administration of oseltamivir. Moreover, influenza-like symptoms were not relieved, and the severity of cough and coryza was not improved by administering oseltamivir.
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Understanding metabolite profiles may aid in providing a reference for individualized treatment using PEG-rhGH. Therefore, this study aimed to evaluate the clinical efficacy of PEG-rhGH in treating GHD patients by using a metabolomic approach. Fifty-seven pediatric participants treated with PEG-rhGH were enrolled (28 GHD patients with high clinical efficacy and 29 GHD patients with lower clinical efficacy). Serum samples from all patients were first collected at baseline for biochemical detection; then metabolite levels were measured using gas chromatography time-of-flight mass spectrometry. The candidates included heptadecanoic acid, stearic acid, 2-hydroxybutyric acid, myristic acid, palmitoleic acid, D-galactose, dodecanoic acid, and oleic acid. The related metabolic pathways involved fatty acid metabolism and energy metabolism. This study suggested that growth gains of PEG-rhGH treatment might be differentiated by altered serum levels of fatty acid. Collectively, the metabolomic study provides unique insights into the use of PEG-rhGH as a therapeutic strategy for individualized treatment.
Keywords: growth hormone deficiency, PEG-rhGH, metabolomics, clinical efficacy, biomarkers
INTRODUCTION
The prevalence of growth hormone deficiency (GHD) in children is on the rise worldwide. The focus on children’s health is more urgent owing to their estimated greater vulnerability (Jee et al., 2017; Murray et al., 2018; Halas and Grimberg, 2020). GHD is a developmental disorder caused by either partial or complete deficiency in the synthesis and secretion of growth hormone in the anterior pituitary lobe or by receptor defects and structural abnormalities. Growth failure, the primary apparent feature of GHD, may influence the life quality and psychosocial development of affected children (Chaplin et al., 2015; Chinoy and Murray, 2016; Leonibus et al., 2016). As recorded in recent pharmaceutical studies, recombinant human growth hormone (rhGH) showed a significant therapeutic effect against growth hormone deficiency (Rogol et al., 2013). To achieve this effect, rhGH is required to be administered as a daily injection (López-Siguero et al., 2011; Wit et al., 2013). Frequent injections cause distress to the children and therefore reduce compliance. PEG-rhGH preparation is a covalent conjugate of rhGH and branched polyethylene glycol (PEG), which can potentially increase the molecular weight of rhGH, reduce drug toxicity and prolong the half-life of elimination in vivo (Cutfield et al., 2011; Rogol et al., 2013; Lundberg et al., 2018; Wang et al., 2021). The treatment of polyethylene glycol-modified long-acting rhGH (PEG-rhGH) requires only weekly injections, which can reduce the frequency of injections and can enhance children’s compliance with rhGH treatment.
However, to the best of our knowledge, relatively little is known about the metabolic changes that are associated with differences in clinical efficacy of PEG-rhGH replacement therapy (Rasmussen et al., 2010; Schepper et al., 2011; Hou et al., 2015). Therefore, it is of interest to find predictive biological metabolites for monitoring individual responses to PEG-rhGH therapy. Metabolomics has stood out for providing rapid, sensitive, and less invasive analyses that identify and quantify endogenous metabolites present in different biological matrices (McBride et al., 2019). Studies on the disease diagnosis and treatment of rhGH by metabolomics have been reported in recent years (Rahman et al., 2013; Höybye et al., 2014; Xu et al., 2019). Research in 10 adults with GHD demonstrated that the level of serum metabolite was altered in GHD patients and that some specific fatty acid compounds and amino acids had the potential ability to be biomarkers for GHD. (Höybye et al., 2014). Metabolomics may be a powerful method for studying the clinical efficacy of PEG-rhGH intervention in improving GHD. This kind of improvement will be particularly useful for the pediatric population.
The primary objectives of the present study were to investigate the associations between clinical efficacy and metabolites in GHD children treated with PEG-rhGH and to find biomarkers and related metabolic pathways by metabolomic techniques, which are expected to provide a reference for the individualized treatment of PEG-rhGH.
MATERIAL AND METHODS
Patients and Samples
The present study was conducted on the basis of the multi-center drug clinical study project “Phase IV clinical trial of polyethylene glycol-recombinant human growth hormone injection in treating children growth hormone deficiency” led by the Children’s Hospital, Zhejiang University School of Medicine, which was registered at www.clinicaltrials.gov (NCT02314676). Sixty subjects with different clinical efficacies of PEG-rhGH treatment were randomly screened from the established PEG-rhGH phase IV clinical trial database, and three of these subjects were excluded due to incomplete data. The study was approved by the Ethics Committee of the Children’s Hospital, Zhejiang University School of Medicine and was conducted in accordance with the Declaration of Helsinki. All patients provided written informed consent (2018-IRB-033). The actual height of the patients after treatment was compared with the mean height of the population and its standard deviation (SD) of height for a chronological age, which was considered the primary outcome measure (△Ht SDS). The mean and SD value for height were calculated using reference values with The National Growth Survey of Children under 7 years in the Nine Cities of China in 2005. Patients were divided into two groups using the median △Ht SDS as a cutoff: △Ht SDS >0.44 (high clinical efficacy (HE) group, n = 28), and △Ht SDS ≤0.44 (low clinical efficacy (LE) group, n = 29). Patient inclusion criteria were as follows: diagnosed as GHD based on medical history, clinical symptoms, and signs; GH activation test and imaging criteria before treatment (height below the third percentile of the normal growth curve for children of the same age and sex at age of 2–18, rate of height increase ≤5.0 cm year−1, two-drug GH stimulation tests with different mechanisms of action confirmed that the plasma GH peak was less than 10.0 ng ml−1, for girls ≤9 years old and boys ≤10 years old, the bone age is more than 1 year behind the actual age, that is, the actual age minus bone age ≥1 year); pre-pubertal stage (Tanner I stage), age ≥3 years old, gender is not limited; did not receive growth hormone therapy within 6 months; and the subject is willing and able to complete the scheduled interview, treatment plan, laboratory examination and other procedures, and to sign a written informed consent. Exclusion criteria were as follows: abnormal liver and kidney function (ALT > two times the upper limit of normal (ULN), Cr > ULN); hepatitis B virus detection of HBc, HBsAg, and HBeAg were all positive; subjects with allergy constitution or allergy to the drug; subjects with severe CVD, lung diseases, hematological diseases, malignant cancer, systemic infections or a compromised immune system; subjects with underlying cancer (family history of cancer); subjects with diabetes; abnormal growth and development, such as Turner’s Syndrome, constitute delay of puberty; Laron Syndrome; growth hormone receptor deficiency; girls with short stature with chromosomal abnormalities; subjects participated in drug clinical trials within 3 months; subjects with positive anti-hGH antibodies; and other conditions that the investigator considers unsuitable for inclusion in this clinical trial.
Sample Preparation
The metabolomic samples were analyzed with residual serum samples of IGF-1 and IGF-BP3 from 57 cases for freeze-thaw frequency less than 3 times. Samples were thawed at 4°C and were mixed adequately before analysis with chemical derivatization. A 50 µl aliquot of serum sample was spiked with 10 µl internal standard solutions (chlorophenyl alanine) and was vortexed for 10 s. The mixed solution was deproteinized using 200 µl of the extraction solvent (methanol: chloroform = 3:1 [v/v]). After 30 s of vertex, the samples were centrifuged at 13,500 rpm for 20 min at 4°C. A 200 µl supernatant was transferred to an autosampler vial, all samples in autosampler vials were evaporated by CentriVap vacuum concentrator for 5 min, and then they were further lyophilized with a cryogenic freeze-dryer (Labconco, Kansas City, Mo, United States). After the samples were vacuum-dried at room temperature under nitrogen, 50 µl of methoxyamine (20 mg ml−1 in pyridine) was added to each vial and kept at 30°C for 120 min, followed by 50 µl of MSTFA at 37.5°C for 60 min. This silylated derivation was performed using a Gerstel multipurpose sample MPS2 with dual heads (Gerstel GmbH and Co., Mulheim, Germany), and the derived samples were automatically injected into GC/TOFMS for metabolomics analysis.
GC-TOFMS Analysis
Serum metabolite profile was acquired by time-of-flight mass spectrometry system (Pegasus HT, Leco Corp., St. Joseph, MO, United States) coupled with gas chromatography (Agilent 7890B, Santa Clara, CA, United States). The chromatographic separation of the serum sample was performed on an Rxi-5MS capillary column (30 m × 250 µm I.D., 0.25 µm). The column flow rate was set at 1.0 ml min−1, and helium was used as the carrier gas. The temperature programs were set up as follows: 80°C hold on for 2 min, then raised to 300°C at a rate of 12°C·min−1 for 4.5 min, and finally to 320°C at a rate of 40°Cmin−1 for 1 min. The temperatures for front injection, transfer line, and ion source were 270, 270, and 220°C, respectively. Electron impact ionization of 70 eV in the scan range (50–550 Da) was applied, and the acquisition rate was 20 spectra s−1. The instrument was optimized and maintained every 24 h to monitor its stability.
GC-TOFMS Data Processing and Statistical Analysis
Raw data from GC/TOFMS analysis were processed using ChromaTOF software (v4.51.6.0, Leco., CA, United States) to achieve the following elements of preprocessing: baseline correction and smoothing, deconvolution, extraction, and alignment of original chromatographic peak signals, retention index correction, and metabolite identification using standard materials. The self-developed platform iMAP (v1.0, Metabo-Profile, Shanghai, China) was used for statistical analyses, including data preprocessing (normalization and standardization), statistical analysis (multidimensional statistical analysis and one-dimensional statistical analysis), metabolic network analysis, and reporting. Following preprocessing, the data were presented as mean ± standard deviation (SD). The p-value of 0.05 was considered to indicate statistical significance. The SIMCA 14.1 software (MKS Data Analytics Solutions, Umea, Sweden) was applied for principal component analysis (PCA) and orthogonal partial least squares discriminant analysis (OPLS-DA). Permutation tests were performed with 200 iterations to validate the model. The features were filtered initially by variable importance in the projection (VIP) value (VIP > 1) and fold change value (FC > 1) in the comparison of HE and LE patient groups. The Mann-Whitney U test was applied to assess the significant difference of these features between the groups. Differential serum metabolites were selected by considering VIP (>1.0), FC (>1.0) and p-value (<0.05). The receiver-operating characteristic (ROC) analysis was used to evaluate the specificity and sensitivity of potential biomarkers according to the area under the curve (AUC). Commercial databases, Kyoto Encyclopedia of Genes and Genomes (KEGG, http://www.genome.jp/kegg/) and Human Metabolome Database (http://www.hmdb.ca/) were utilized to search for the relative metabolites and metabolic pathways. A heatmap was used to show the association between clinical indicators and differential metabolites.
RESULTS
Demographics and Serum Biochemical Analysis
The clinical characteristics of GHD patients at baseline were summarized in Table 1. Of the 60 GHD children that underwent baseline testing, 3 withdrew owing to incomplete data; therefore, data were reported from the 57 participants who completed the intervention. As anticipated, the improvement in bheight, height, weight, bone age, and age was lower in the HE group than in the LE group. Compared with the LE group, the level of total protein (TP, Table 1) in GHD patients of high clinical efficacy was significantly decreased. In addition, it was found that the differences in creatinine (CR, Table 1) and IGF-1 in the HE group were statistically significant compared to the LE group. The concentrations of other biochemical indexes did not differ significantly among treatments.
TABLE 1 | Baseline clinical characteristics.
[image: Table 1]Metabolomic Profiling
The changes of metabolite in serum under different conditions could not be explored simply by visual inspection; thus, multivariate statistical analysis was applied to explore the differences in serum metabolites between groups. PCA, an unsupervised method, was used to obtain general clustering, trends, or outliers among the observations acquired in metabolic changes. The outline of the differences in serum metabolome was provided by an OPLS-DA model, which was used to identify the discriminant metabolic profiles and to determine significantly different metabolites. First, PCA was conducted on serum samples. Slight differences in the serum metabolome were observed between HE and LE groups (Figures 1A,B). OPLS-DA and V-plot were then performed and compared to identify and characterize metabolites. The key parameters, R2 and Q2, were used for the evaluation of discrimination and predictive abilities of the models respectively. The results of 200-item permutation test (R2 = (0.0; 0.746), Q2 = (0.0; −0.582)) demonstrated the validity and stability of the fitted OPLS-DA model. As shown in Figures 1C,D, significant differences in serum samples were observed between HE and LE groups. Biomarkers that differed between the two groups were identified to be involved in four main pathways based on metabolic pathway analysis, including 1) biosynthesis of unsaturated fatty acids; 2) glycerolipid metabolism; 3) citrate cycle; and 4) galactose metabolism (Figure 2).
[image: Figure 1]FIGURE 1 | Metabolomics multivariate statistical analysis (MVA). PCA and PCA 3D score plots for pairwise comparisons between HE and LE from serum samples (A,B). OPLS-DA score plots of HE group and LE group. LE (in green) represents low efficacy group and HE (in blue) represents high efficacy group. The clustering of HE group and LE group was obvious (C). V-plot of differential metabolites (D). On the left is the downregulated metabolites in the HE group compared with the LE group, and the correlation coefficient on the X-axis is negative. On the right is the up-regulated metabolites between the HE and the LE group, and the correlation coefficient on the X-axis is positive. HE, high clinical efficacy group; LE, low clinical efficacy group.
[image: Figure 2]FIGURE 2 | Metabolic pathway enrichment analysis diagram. Among the metabolic pathways associated with efficacy, there were statistically significant differences in glycerol lipid metabolism, TCA cycle, galactose metabolism, alanine, aspartate and glutamate metabolism pathways. The horizontal axis represents the enrichment factor and the vertical axis represents the pathway name. The color ranges from yellow to red, indicating that the adjusted p-value grows from small to large, and the enrichment degree becomes more and more significant. The size of the dot represents the number of metabolites enriched in this pathway.
Significantly Disturbed Metabolites Between HE Group and LE Group
To identify distinct biomarkers that may be associated with clinical efficacy among thousands of variables, a comparison was conducted between the HE and LE groups of patients. The metabolite profiles of all serum samples at baseline were analyzed to determine the relative levels of the metabolites based on GC-TOFMS analyses. A total of 119 putative metabolites were annotated, and 23 of the 119 annotated metabolites were identified (Table 2). The endogenous metabolite contributing most to the classification between the HE group and LE group was screened out using multiple criteria, including VIP value, FC value, p-value, and AUC value. The variables with VIP > 1 (Figure 1D), FC > 1 (Table 3), AUC > 0.700 (Figure 3), and p < 0.05 (Figure 4) indicated eight differential metabolites, including heptadecanoic acid, stearic acid, 2-hydroxybutyric acid, myristic acid, palmitoleic acid, D-galactose, dodecanoic acid, and oleic acid. Upregulation of metabolites was observed in the HE group compared to the LE group. Compared to the LE group, the levels of several metabolites showed an upward trend in the HE group, including heptadecanoic acid, stearic acid, 2-hydroxybutyric acid, myristic acid, palmitoleic acid, D-galactose, dodecanoic acid, and oleic acid (Table 3). We correlated the serum biochemical index changes observed in the baseline clinical characteristics of GHD patients with metabolites in HE and LE groups. A heatmap was generated to show the associations between clinical index and metabolites in the two groups (Figure 5). CR, age, bheight, height, weight, and sktagey showed strong negative correlations with heptadecanoic acid, stearic acid, myristic acid, palmitoleic acid, and dodecanoic acid. Negative correlations also were observed between the CR and age with pyroglutamic acid. A similar trend was observed between the age, bheight, height, weight, sktagey, and D-galactose.
TABLE 2 | The identified metabolites with p < 0.05 in HE group compared to LE group at baseline.
[image: Table 2]TABLE 3 | Statistically significant metabolites in serum samples of HE group versus LE group comparison.
[image: Table 3][image: Figure 3]FIGURE 3 | ROC curve and area under the curve (AUC) of differential metabolites. GHD patients were grouped by clinic efficacy to calculate the value of serum metabolites for the diagnosis of GHD. The ROC curve and AUC of heptadecanoic acid (A), stearic acid (B), 2-hydroxybutyric acid (C), myristic acid (D), palmitoleic acid (E), dodecanoic acid (F), D-galactose (G) and oleic acid (H).
[image: Figure 4]FIGURE 4 | Discriminant metabolites obtained with Mann-Whitney U test. The resulted metabolites obtained are shown and expressed on the y axes of the graphs as the relative level of peak signals. The serum levels of heptadecanoic acid (A), stearic acid (B), 2-hydroxybutyric acid (C), myristic acid (D), palmitoleic acid (E), dodecanoic acid (F), D-galactose (G) and oleic acid (H). L, LE group; H, HE group. The data are expressed as the mean ± standard deviation (n = 28 HE group; n = 29 LE group).
[image: Figure 5]FIGURE 5 | Heatmap of association between metabolites and clinical indicators. The r values are represented by gradient colors, where red and blue
DISCUSSION
The analysis of metabolomics provides a powerful tool for determining biomarkers that predict the effects of PEG-rhGH therapy through large-scale molecular analyses. The present study confirmed and extended previous studies by showing the favorable effects of PEG-rhGH therapy on GHD patients (Rogol et al., 2013; Luo et al., 2017). To explore the potential mechanism, changes of metabolites of GHD patients in HE and LE groups were monitored using a GC/TOFMS-based metabolomics method. Based on the results of metabolomics analysis, 8 differential metabolites were found to be closely related to growth gains following PEG-rhGH intervention on GHD children. These metabolites were heptadecanoic acid, stearic acid, 2-hydroxybutyric acid, myristic acid, palmitoleic acid, D-galactose, dodecanoic acid, and oleic acid. The related metabolic pathways involved fatty acid metabolism and energy metabolism.
Fatty Acid Metabolism A variety of fatty acids exist in the cells and tissues of humans, which play essential roles in endogenous substance metabolism, cell structure, and function (Judge and Dodd 2020). Neural cell membrane phospholipids, ceramides, and sphingolipids contain some longer-chain, saturated fatty acids, such as palmitic and stearic acids (Simons and Gerl, 2010). The saturated fatty acid content of these structures is related to their membrane location and their function. Moreover, myristic and palmitic acids can covalently modify several proteins involved in cell signaling and can influence fatty acid biosynthesis and metabolism by affecting the regulation of transcription factors, including SREBPs and LXR/RXR (Johnson et al., 1994; Mitchell et al., 2006; Calder, 2015). Previous studies have shown that fatty acids were reduced in GHD patients and became normalized upon rhGH treatment, which might raise the level of total and LDL cholesterol Cuneo et al., 1993; Russell-Jones et al., 1994; Beshyah et al., 1995; Mensink et al., 2003; Molitch et al., 2011). In the present study we showed that stearic acid, myristic acid, palmitoleic acid, and dodecanoic acid were significantly increased in the GHD patients of high clinical efficacy. These results were consistent with previous studies, indicating that fatty acid metabolism may be related to the improvement of growth and development in children with GHD. Moreover, oleic acid is a monounsaturated acid of the ω-9 series in serum, which is present endogenously in the organism and also can be obtained from the diet. Oleic acid is the most prevalent dietary fatty acid in many individuals, and it acts as a neurotrophic factor in neuronal growth (Rodríguez-Rodríguez et al., 2004; Polo-Hernández et al., 2010). There is a direct association between the exogenous administration of oleic acid and brain development in humans (Polo-Hernández et al., 2010). Interestingly, it was found that oleic acid has beneficial effects by preventing lipotoxicity, increasing mitochondrial fatty acid oxidation (Coll et al., 2008), and preventing the desensitization of human growth hormone secretagogue receptors (Delhanty et al., 2010). The present study’s results revealed a significant increase in oleic acid in the high efficacy group. More importantly, oleic acid is a biological metabolite implicated in brain growth and development, which is consistent with our GC/TOFMS-based metabolomics study. However, there is evidence that a higher intake of saturated fatty acid can increase body fat and inflammatory biomarkers for inducing incident type 2 diabetes and obesity-related diseases (Cuneo et al., 1993). Several observational studies have investigated the relationship between saturated fatty acids and inflammation in humans and have found that lauric, myristic, and palmitic acids can induce insulin resistance and can promote inflammation (Innes and Calder, 2018); however, oleic acid has the ability to reduce the inflammatory effects of long-chain, saturated fatty acids in human aortic endothelial cells (Harvey et al., 2010; Schenkel and Bakovic, 2014). The published literature is not entirely consistent with these findings, most likely because each type of fatty acid has unique effects on human metabolism. Further investigation is needed to identify the exact mechanisms involved in the function and role of fatty acid metabolism. Our results implied that regulation of fatty acid metabolism may be one of the possible mechanisms by which PEG-rhGH exerts different therapeutic effects in improving GHD. Traditionally, most interest in the health impact of fatty acids has been related to metabolic diseases and inflammatory diseases. It is now clear that they are also related to the difference in the clinical efficacy of PEG-rhGH replacement therapy.
Energy Metabolism Fatty acid oxidation becomes important in times of limited glucose availability. In this context good energy substrate is provided by fatty acids, which can be used to generate energy in most aerobic tissues except for the brain. Furthermore, fatty acids (palmitoleic acid and oleic acid) have distinct ways of regulating energy homeostasis (Innes and Calder, 2018). D-Galactose is completely metabolized upon first pass (from the gut) through the liver, where it is converted into glucose, lactate, glycogen, and lipids (Brouns, 2017; Gonzalez et al., 2017). Glucose is broken down to pyruvic acid, and then pyruvic acid is decarboxylated to acetyl-CoA, which is the source for the tricarboxylic acid cycle (TCA) (Akram, 2014). This cycle is an important energy-producing pathway used in eukaryotes and provides many intermediates required for gluconeogenesis and lipogenesis. In the present study the HE group showed an upward trend of the level of serum D-galactose compared to the LE group, suggesting another possible mechanism for the difference in the clinical efficacy of PEG-rhGH treatment associated with altered energy metabolism.
Our data highlighted that the clinical efficacy of PEG-rhGH treatment was associated with individual factors in GHD patients, including age, sex, and height, which suggests that individualized treatment of PEG-rhGH is needed. Bone age has been accepted as an important criterion for assessing growth and development. Patients with younger bone age before puberty can grow 8–14 cm per year using rhGH treatment (Yuen et al., 2019). As the skeletal age increases (LE group 6.81 ± 2.53 vs. HE group 4.79 ± 2.15), the growth rate of subjects will gradually decrease after PEG-rhGH treatment. Similarly, the sex-related difference is an important contributor to the efficacy of PEG-rhGH. Following general opinion, the first menarche of Asian women is estimated to be 12–16 years, and the annual growth rate is about 6–9 cm (Yang et al., 2017). At the end of the second menarche, the bone age is basically closed, possibly reflecting alterations in ovarian hormone levels in vivo combined with earlier developmental risks in girls. The first signs of the voice mutation can be fixed at the age of 10–11 years as the male progressed through puberty (Boskey and Coleman, 2010). Indeed, higher levels of the hormone are known to interfere with the physiological pathways of growth hormone, affecting not only growth rate but also PEG-rhGH efficacy. We note also that older participants in the LE group exhibited lower than their younger counterparts in the HE group in terms of clinical efficacy after PEG-rhGH administration. The stearic acid, myristic acid, palmitoleic acid, heptadecanoic acid, dodecanoic acid, 2-hydroxybutyric acid, and D-galactose were negatively associated with subjects’ age and had higher concentrations in the samples of the HE group. A similar trend also was observed with stearic acid, myristic acid, palmitoleic acid, heptadecanoic acid, dodecanoic acid, and D-galactose and the height and weight of GHD patients. We demonstrated that the age, height, and weight of GHD patients might have an association with a fatty acid level in serum, and we observed a possible correlation between the fatty acid level and the difference of clinical efficacy of PEG-rhGH replacement, wherein stearic acid, myristic acid, palmitoleic acid, heptadecanoic acid, dodecanoic acid, 2-hydroxybutyric acid, and D-galactose were suggested as biomarkers for predicting the PEG-rhGH efficacy.
This is a well-designed clinical study with strict inclusion and exclusion criteria although the number of qualified participants was small in this study. Thus, further large-scale and multi-center-based studies are needed for further validation. Moreover, non-targeted metabolomics studies contributed to biomarker discovery initially, so further targeted and quantitative analysis of differential metabolites are required in the future.
CONCLUSION
In conclusion, our results revealed for the first time the identity of important metabolites and pathways that contribute to predicting the efficacy of PEG-rhGH therapy. Several predictive marker candidates for the effects of PEG-rhGH treatment were identified, including heptadecanoic acid, stearic acid, 2-hydroxybutyric acid, myristic acid, palmitoleic acid, D-galactose, dodecanoic acid, and oleic acid. The results revealed a strong association between the serum metabolic profiles and the clinical efficacy of PEG-rhGH therapy, and this association was most pronounced in fatty acids. The mechanisms are likely to be involved in fatty acid metabolism and energy metabolism. The current study suggested fatty acid as the potential predictive marker for PEG-rhGH treatment effects. These discoveries enabled a better understanding of the mechanism of PEG-rhGH and may lead to the development of metabolic biomarkers and novel therapeutic strategies for individualized treatment of PEG-rhGH.
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Background: Stevens-Johnson syndrome (SJS) has been reported as a serious adverse effect in patients treated with vancomycin or linezolid, and there is currently a lack of real-world studies comparing specific differences in adverse effects of SJS.
Methods: According to the FDA’s Adverse Event Reporting System (FAERS), from January 2004 to July 2021, the data of suspected SJS after the use of vancomycin and linezolid were analyzed by imbalance and Bayesian analysis. The onset time, fatality rate and hospitalization rate of vancomycin-associated SJS and linezolid-associated SJS were also investigated.
Results: 276 cases of vancomycin-related SJS reports and 63 cases of linezolid-related SJS reports were identified. These two drugs are more common in middle-aged patients (45–64 years) than other age groups, and less common in underage children (<18). Among them, linezolid-related SJS is more common in middle-aged and elderly patients (45–74 years old) than other groups. Except for unspecified data, in vancomycin-associated SJS cases, there are more men than women (49.28% vs 43.84%), while in linezolid-associated SJS cases, the proportion of men and women is almost equal (44.44%). From the point of view of the areas where adverse reactions were reported, about 1/2 of the reports on Vancomycin-related SJS came from North America, and 1/3 of the reports came from Europe. The median onset time of Linezolid-related SJS was 5 days (interquartile range [IQR] 2–7.75), which was significantly earlier than that of Vancomycin-related SJS (12 days, IQR 4–20) (Mann-Whitney test, p < 0.0001). There were no significant differences in mortality and hospitalization rates after vancomycin and linezolid caused SJS.
Conclusion: The analysis of faers data provides a comprehensive overview of the adverse reactions of SJS caused by the use of vancomycin and linezolid, and can warn clinical workers to timely intervene and continuously monitor the patients at risk of SJS when using such drugs.
Keywords: vancomycin, linezolid, epidemiology, SJS, adverse event reporting system
INTRODUCTION
With the emergence of highly resistant β-lactam gram-positive bacteria, the use of vancomycin and linezolid has greatly increased (National Nosocomial Infections Surveillance System, 2004; Fridkin et al., 1999; Jones et al., 1999). Vancomycin was the first glycopeptide antibiotic to be introduced and is widely used in the treatment of MRSA and other Gram-positive bacteria. Linezolid is a new generation of fully synthetic oxazolidinone antibacterial drugs, which can be clinically used for the anti-infection treatment of pneumonia and vancomycin-resistant bacteria. The adverse reactions of vancomycin during use mainly include nephrotoxicity, ototoxicity and hematological toxicity. Therefore, vancomycin often needs to monitor the blood concentration during use, and adjust the dose to benefit while reducing the risk of adverse reactions. Common adverse reactions of linezolid are more prominent, such as thrombocytopenia, optic neuropathy, peripheral neuropathy, and lactic acidosis (Kishor et al., 2015).
With the increasing use of drugs, there are also concerns about serious adverse drug reactions. Drug eruptions are skin eruptions that are induced by drugs. Many drug eruptions belong to immunologically mediated reac-tions which are dose-independent and also termed type B adverse reactions. SJS is a potentially life-threatening immune-mediated adverse reaction characterized by extensive erythema, epidermal necrosis, and sloughing of the skin and mucosa. SJS is a rare but high burden disease. It is necessary to strengthen prevention, early diagnosis and long-term management (Chang et al., 2020).
The literature on vancomycin and linezolid-induced SJS is rare (Alexander and Greenberger, 1996; Jones et al., 2004; Minhas et al., 2016). Therefore, we can only obtain the association between vancomycin, linezolid and SJS through the reports in the faers database, which helps us to further study the differences between vancomycin related SJS and linezolid related SJS in time of onset, mortality and hospitalization.
METHODS
Data Source
A retrospective pharmacovigilance study was conducted with data retrieved from January 2004 to July 2021 through the FAERS database. From the FAERS database, we selected reports of SJS caused by vancomycin or linezolid, and retrieved a total of 339 reports. Among them, there were 276 cases of vancomycin-related SJS reports and 63 cases of linezolid-related SJS reports, and duplicate data reports were deleted after referring to FDA recommendations.
Adverse Event and Drug Identification
We investigated adverse events by using the MedDRA (Version 24.0) Preferred Terms as follows: epidermal necrosis (10059284), epidermal necrolysis (10014986), SJS (10042033), toxic epidermal necrolysis (10044223), Stevens Johnson reaction (10042029). Therefore, MICROMEDEX ® (index nominum) was used like a dictionary. In addition, the trade names and common names of vancomycin and linezolid in the drug archives will also be listed.
Data Mining
Based on the basic principles of Bayesian analysis and non proportional analysis, we applied reporting odds ratio (ROR), proportional reporting ratio (PRR), Bayesian confidence propagation neural network (BCPNN) and multiple gamma Poisson constrictor (MGPS) algorithms to explore the relationship between vancomycin or linezolid and SJS adverse reactions. The equations and standards of the four algorithms (DuMouchel, 1999; Evans et al., 2001; Szarfman et al., 2002; Van Puijenbroek et al., 2002; Hauben, 2003; Hauben et al., 2005; Norén et al., 2006; Ooba and Kubota, 2010; Szumilas, 2010) have been compiled into a table. See Table 1 for details. The extraction of these algorithms is mainly used to judge the tightness of the relationship between drugs and adverse events. As long as any one of the four algorithms meets the standard, it will be considered as a positive signal of SJS adverse events.
TABLE 1 | Summary of major algorithms used for signal detection.
[image: Table 1]We separately counted the time to onset of SJS adverse reactions induced by vancomycin and linezolid, and recorded as the time interval between the start of drug administration and the occurrence of adverse events. Mortality data were reported as the ratio of reported deaths to vancomycin- or linezolid-related SJS reports. Also, all of the above reports are valid reports.
Statistical Analysis
An applied descriptive analysis was made based on the clinical characteristics of patients with SJS induced by vancomycin and linezolid in the FAERS database. The time to onset of SJS induced by vancomycin and linezolid was compared using the Mann-Whitney test. Pearson’s chi-square test or Fisher’s exact test was utilized to compare the mortality and hospitalization rates between Vancomycin and Linezolid. The statistical significance was set at p < 0.001 with 95% confidence intervals. All statistical analyses were performed by the software GraphPad Prism 8 (GraphPad Software, CA, United States).
RESULTS
Disproportionality Analysis and Bayesian Analysis
We searched the FARS database of 339 cases for all reports of vancomycin or linezolid-induced SJS from January 2004 to July 2021. Of these, 276 were SJS caused by vancomycin and 63 were SJS caused by linezolid. As shown in Table 2, according to the four algorithm criteria, vancomycin- and linezolid-induced SJS signals were detected, in which ROR, PRR, information component (IC), and empirical Bayesian geometric mean (EBGM) were all statistically significant.
TABLE 2 | Signal detection for vancomycin-associated SJS and linezolid-associated SJS.
[image: Table 2]Descriptive Analysis
A summary of the clinical features reporting vancomycin- and linezolid-related SJS is presented in Table 3. With the exception of unspecified age, we found that SJS adverse reactions due to vancomycin and linezolid were more common in middle-aged patients (45–64 years) than in other age groups, minors (<18 years) are less common. Among them, the reported rate of linezolid-related SJS was more common in middle-aged and elderly patients (45–74) compared with other groups. In terms of patient gender, in vancomycin-related SJS cases, males were more likely to report than females (49.28% vs 43.84%), while in linezolid-related SJS cases, the proportion of males and females was almost Equal (29–28). In terms of regions reporting adverse reactions, approximately one-half of vancomycin-related SJ reports were from North America, and one-third were from Europe. Most reports on linezolid come from North America and Europe. Most reports are submitted by pharmacists, other health professionals and physicians, and reporting adverse drug events is the responsibility and obligation of every medical professional. Among them, pharmacists reported the most cases of vancomycin (27.9%) and doctors reported the most cases of linezolid (33.33%).
TABLE 3 | Clinical characteristics of patients with vancomycin-associated SJS and Linezolid-associated SJS collected from the FAERS database (January 2004 to July 2021).
[image: Table 3]Time to Onset of Vancomycin- and Linezolid-Associated SJS
We describe the time to onset of vancomycin and linezolid in Figure 1. The median time to onset of linezolid-related SJS was 5 days (interquartile range [IQR] 2–7.75), significantly earlier than vancomycin-related SJS (12 days, IQR 4–20) (Mann-Whitney test, p < 0.0001). In general, vancomycin and linezolid-induced SJS had a higher onset time overall, while vancomycin and linezolid were special-use antibacterial drugs and should not be used for a long time. During use, more attention should be paid to monitoring adverse reactions at the initial stage of medication, especially linezolid.
[image: Figure 1]FIGURE 1 | The onset time of vancomycin- and linezolid-associated SJS.
Fatality and Hospitalization Due to Vancomycin- and Linezolid-Associated SJS
To assess the mortality and hospitalization rates of SJS caused by vancomycin and linezolid to analyze the prognosis of SJS associated with vancomycin and linezolid. According to the report analysis, the hospitalization rate of vancomycin-related SJS was 52.17%, and the hospitalization rate of linezolid-related SJS was 44.44%. Unfortunately, vancomycin and linezolid did not differ significantly in mortality (33.7% VS 39.68%) and hospitalization after SJS.
The left figure only shows the change in the incidence of SJS every 10 days after administration for 380 days. The graph on the right shows the change in the incidence of SJS every 30 days after administration for 390 days.
DISCUSSION
As of now, this study is the first and largest report based on the FAES pharmacovigilance database from January 2004 to July 2021 to describe vancomycin- and linezolid-induced SJS in different vulnerable populations, onset time and adverse outcomes in real-world practice. The sample size of previous related studies is small, and most of them are single cases (Alexander and Greenberger, 1996; Waldman et al., 2004; Craycraft et al., 2005; Nasr et al., 2014), among which the literature reports of vancomycin causing SJS are more than that of linezolid. This article discusses the characteristics of SJS caused by vancomycin and linezolid from multiple perspectives, including mortality, hospitalization rate, and time to adverse reactions.
In the results of this study, we found that vancomycin-induced SJS is more common in middle-aged and elderly people. The population of case reports we collected in the PubMed database is also mostly middle-aged and elderly (Laurencin et al., 1992; Waldman et al., 2004; Craycraft et al., 2005; Craycraft et al., 2005). There are great differences in the pharmacokinetic behavior of vancomycin in different groups. After entering the human body, vancomycin is mainly metabolized through the kidney. Many factors may affect the pharmacokinetic behavior of vancomycin in the body, such as age, obesity, combined diseases, receiving other treatments and so on. There is evidence that infection is a serious cause of death in the elderly population over the age of 65 (Centers for Disease Control and Prevention, 2013). The risk of colonization and infection with methicillin-resistant Staphylococcus aureus (MRSA) in elderly patients is five times higher than in younger patients, resulting in a substantial increase in the frequency of vancomycin use (Barber et al., 2016). Changes in the physiological conditions of elderly patients are also potential factors that induce adverse drug reactions.
When SJS occurs, it is usually accompanied by eye diseases, and ophthalmologists need to intervene as soon as possible and follow up in a timely manner. The mechanism by which vancomycin and linezolid cause SJS is still unclear, mainly the immune pathogenesis, thus hindering the prevention and treatment of the disease. T cells may be the key mediators that induce SJS. Drugs, considered as foreign antigens, likely interact with particular HLA/peptide/T-cell receptor (TCR) complexes on keratinocytes to trigger the adaptive immune response and adverse reactions (Chang et al., 2020). The risk of SJS varies significantly by race or ethnicity with respect to the drugs used. It is not difficult to see from our research that North America and Europe have the highest incidence of SJS. We speculate that this may be related to the higher use of vancomycin and linezolid in North America and Europe. The more frequently antibiotics are used, the higher the resistance rate.
The global clinical and financial burden of SJS/ten is quite large, and the mortality rate of the elderly is even as high as 50% (White et al., 2018). In this study, hospitalization and mortality were also high after drug-induced SJS. The adverse outcomes of vancomycin-related SJS led to a hospitalization rate of 52.17%, and linezolid-related SJS led to a hospitalization rate of 44.44%, which was similar to mortality (44.44% vs 39.68%). Due to the low number of reported SJS associated with linezolid, we did not expect a significant difference between vancomycin and linezolid. The data can only show that once SJS is induced, both will lead to an increase in hospitalization rate and mortality, and the prognosis of patients is not ideal. However, we believe that early prediction and diagnosis will be more helpful for subsequent treatment.
Based on the FAERS database, the time to onsets of SJS for vancomycin and linezolid mainly occurred within 1 month after administration (vancomycin: median 12 days, IQR 4–20; linezolid: median 5 days, IQR 2–7.75), but there was a significant difference in average time to onset of SJS among vancomycin and linezolid (Mann-Whitney test, p < 0.0001). It can be seen that the time of SJS in patients using linezolid will be earlier than that of vancomycin. This requires our physicians and pharmacists to pay early attention to the occurrence of serious adverse skin reactions, especially SJS, when using linezolid. For vancomycin, the attention of physicians and pharmacists is required after 1 week of use.
The data in this study are all from professionals, including Pharmacist, Physician and Other health-professionals. This study fully demonstrates the advantages of real-world research and data mining technology, but there are also some limitations. Firstly, in the process of data mining, there will be incomplete information, such as input errors, report lack of important information and so on. These situations may lead to deviation in report analysis, which is an inevitable limitation of faers database. Secondly, we need to remove some duplicate or overlapping reports. When we try to delete some duplicate data based on event_dt, age, sex and reporter_country, a small part of the report may be lost. Due to the limited time, we can’t check all the report information one by one, so we can only eliminate the reports lacking information. Of course, our method needs further consideration. Third, confounding factors are difficult to control. The patient may already have a potential immune disease, which may aggravate the incidence of skin adverse reactions such as SJS. Fourth, disproportionate measurements lack incidence denominators, suffer from severe reporting bias, and are not subject to confounding adjustment (Michel et al., 2017; Raschi et al., 2018). Therefore, pharmacovigilance (analysis of spontaneous reporting system) cannot provide safety comparison or evaluate the association between drugs, especially the incidence of adverse events. The assumptions generated by disproportionate analysis also need to be further verified by more reliable and accurate methods. Although the above shortcomings do exist, the faers database can still help us identify the signals of vancomycin or linezolid and SJS. Our research may provide some help to the clinic for vancomycin and linezolid in the incidence of SJS.
CONCLUSION
In his study, the signal of SJS after Vancomycin and Linezolid in real-world practice were determined according to the analysis of FAERS database. Compared with vancomycin, linezolid is less prone to skin rash and less prone to SJS. This may be related to the frequency of drug use, or it may be related to the fact that the drug itself is not easy to induce immune-related adverse reactions. However, the sample size of this study is limited, and more scientific researchers are required to work together to advance science and transform it into prediction, prevention, early diagnosis and treatment. Our study lays the foundation for a pharmacovigilance investigation, and further clinical pharmacy and pharmacoepidemiology may be required to test the hypotheses generated by this study for a more precise reporting analysis.
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Aims: We aimed to estimate the risk of drug-induced liver injury (DILI) from various antifungal treatments with azoles and echinocandins causing in real-world practice.
Methods: We performed disproportionality and Bayesian analyses based on data from the first quarter in 2004 to the third quarter in 2021 in the Food and Drug Administration Adverse Event Reporting System to characterize the signal differences of antifungal drugs-related DILI. We also compared the onset time and mortality differences of different antifungal agents.
Results: A total of 2943 antifungal drugs-related DILI were identified. Affected patients tended to be aged >45 years (51.38%), with more males than females (49.03% vs. 38.09%). Antifungal drug-induced liver injury is most commonly reported with voriconazole (32.45%), fluconazole (19.37%), and itraconazole (14.51%). Almost all antifungal drugs were shown to be associated with DILI under disproportionality and Bayesian analyses. The intraclass analysis of correlation between different antifungal agents and DILI showed the following ranking: caspofungin (ROR = 6.12; 95%CI: 5.36–6.98) > anidulafungin (5.15; 3.69–7.18) > itraconazole (5.06; 4.58–5.60) > voriconazole (4.58; 4.29–4.90) > micafungin (4.53; 3.89–5.27) > posaconazole (3.99; 3.47–4.59) > fluconazole (3.19; 2.93–3.47) > ketoconazole (2.28; 1.96–2.64). The onset time of DILI was significantly different among different antifungal drugs (p < 0.0001), and anidulafungin result in the highest mortality rate (50.00%), while ketoconazole has the lowest mortality rate (9.60%).
Conclusion: Based on the Food and Drug Administration Adverse Event Reporting System database, antifungal drugs are significantly associated with DILI, and itraconazole and voriconazole had the greatest risk of liver injury. Due to indication bias, more clinical studies are needed to confirm the safety of echinocandins.
Keywords: DILI, antifungal drugs, pharmacovigilance, adverse event reporting system, epidemiology
INTRODUCTION
Drug-induced liver injury (DILI) is a common and serious adverse drug reaction, defined as liver damage caused by a drug or herbal product resulting in abnormal liver tests or liver dysfunction, after reasonable exclusion of competing etiologies (Raschi E et al., 2014). Antifungal drugs can be classified as polyenes, antimetabolite—flucytosine (5-FC), azoles, echinocandins, the latter two being more common, which are the first-line option for the prevention and treatment of fungal infections caused by immunosuppression (Nett and Andes, 2016). In recent years, due to the epidemic of acquired immunodeficiency syndrome (AIDS) and the advancement of immunosuppressive techniques, the number of patients with severely weakened immune systems has increased, and the incidence of fungal infections has continued to rise (Tverdek et al., 2016). With the wide application of antifungal drugs, the safety of antifungal drugs has been concerned.
There are many adverse reactions to antifungal drugs, such as hepatotoxicity and hormone-related effects (gynecomastia, alopecia, decreased libido, oligospermia, azoospermia and so on), among which hepatotoxicity is the most common. An article summarized that all azoles have abnormal liver function and hepatotoxicity, and the frequency of adverse reactions varies by drug and patient population (Benitez and Carver, 2019). A real-world study found that about 2.9% of all reported drug-induced liver injuries are associated with antifungal drugs (Raschi et al., 2014). Another retrospective study reported the prevalence of micafungin-associated DILI was 10.6% (Mullins et al., 2020). It can be seen that almost all antifungal drugs have certain hepatotoxicity.
However, the current studies are based on a case or retrospective study of a drug, and there are few real-world studies. The existing real-world study was in 2014, and the data need to be further updated. In this context, this study aims to characterize the liver injury induced by various antifungal drugs in a large population by using FAERS. We further examined and compared the onset-time and outcomes of liver injury with different antifungal drugs.
METHODS
Data Source
We conducted a retrospective pharmacovigilance study using the FAERS database from the first quarter of 2004 to the third quarter of 2021. FDA adverse event reporting system (FAERS) is a database designed to support FDA’s post-marketing monitoring plan for drugs and therapeutic biological products, which includes all Adverse drug reaction (ADR) signals and medication error information collected by FDA. A FAERS data contains demographic information, drug information, adverse events, patient outcomes, indications, duration of use, time to adverse reactions, and more. Finally, a total of 16854643 reports were obtained from the FAERS database (Figure 1).
[image: Figure 1]FIGURE 1 | Process of the selection of cases of antifungal drugs-associated liver injury from the Food and Drug Administration’s Adverse Event Reporting System database. DEMO, demographic information; DRUG, drug information; REAC, adverse events.
Adverse Event and Drug Identification
DILI cases were obtained by searching using the Medical Dictionary for Regulatory Activities (MedDRA) (version 23.0), and the preferred terms are shown in Table 1. Study drugs were antifungal triazoles (ketoconazole, miconazole, clotrimazole, fluconazole, voriconazole, itraconazole, isavuconazole, posaconazole) and echinocandins (caspofungin, micafungin, anidulafungin) on the market.
TABLE 1 | MedDRA preferred terms used to retrieve liver events in FAERS.
[image: Table 1]Data Mining
Based on the principles of Bayesian analysis and disproportionality analysis, we used the reporting odds ratio (ROR), the proportional reporting ratio (PRR), the Bayesian confidence propagation neural network and the multi-item gamma Poisson shrinker algorithms to explore the associations between antifungal drugs and DILI (Evans et al., 2001; Szarfman et al., 2002; van Puijenbroek et al., 2002; Hauben et al., 2005; Norén et al., 2006; Ooba and Kubota, 2010; Szumilas, 2010). A two-by-two contingency table (Table 2) of reported event counts for specific drug and other drugs was constructed to calculate ROR, PRR, information component (IC), and empirical Bayesian geometric mean (EBGM). The former two belong to disproportionality analysis, while the latter two belong to Bayesian analysis. The calculation formula and criteria follow: Table 2.
TABLE 2 | Two-by-two contingency table for disproportional analysis.
[image: Table 2]Statistical Analysis
Descriptive analyses were used to summarize the characteristics of adverse event reports on antifungal drug-related liver injuries collected from the FAERS database. We analyzed the age, sex, reporters, country, area and reporting time distribution of different antifungal agents, and compared the onset time and mortality differences of different antifungal agents.
RESULTS
Descriptive Analysis
FAERS database from the first quarter in 2004 to the third quarter in 2021 contained 42309 antifungal drugs-related adverse events and 336928 DILI-related reports, among these 2943 were reported for DILI after using antifungal (Figure 1). The clinical characteristics of patients with antifungal drug-induced liver injuries were described in Table 3 and Figure 2. Most of the patients were older than 45 years (51.38%), and men accounted for a larger proportion than women in all reports (49.03% vs. 38.09%). Most cases were reported from Europe (40.88%), Asia (25.35%) and North America (23.41%), and were reported by the physician (40.47%). More and more cases were reported from 2016 (5.27%) to 2020 (9.14%), reflecting the significantly increased usage of antifungal drugs in recent years. Voriconazole ranked first in the number of cases (955), followed by fluconazole and itraconazole.
TABLE 3 | Clinical characteristics of patients with antifungal drugs-associated DILI sourced from the FDA Adverse Event Reporting System database (2004q1 to 2021q3).
[image: Table 3][image: Figure 2]FIGURE 2 | Proportion of antifungal drugs-related liver injury.
Disproportionality Analysis and Bayesian Analysis
Data showed a strong association between antifungals and DILI, with no positive signals detected only for miconazole and clotrimazole. In addition, there were two other drugs with one or two negative signals according to the criteria of the four algorithms: which are ketoconazole in EBGM: 2.21(1.95), and isavuconazole in ROR: 1.22(0.92–1.63), PRR: 1.22(1.88) and EBGM: 1.22(0.96). The intraclass analysis of correlation between different antifungal agents and DILI showed the following ranking: caspofungin (ROR = 6.12; 95%CI: 5.36–6.98) > anidulafungin (5.15; 3.69–7.18) > itraconazole (5.06; 4.58–5.60) > voriconazole (4.58; 4.29–4.90) > micafungin (4.53; 3.89–5.27) > posaconazole (3.99; 3.47–4.59) > fluconazole (3.19; 2.93–3.47) > ketoconazole (2.28; 1.96–2.64) (Table 4).
TABLE 4 | Association of antifungal drugs with DILI.
[image: Table 4]Onset Times of DILI
The median onset times of DILI for each antifungal drugs are summarized in Table 5. The onset time of DILI was significantly different among different antifungal drugs (p < 0.0001). Significant differences were noted for ketoconazole vs. posaconazole (p = 0.0460), ketoconazole vs. caspofungin (p = 0.0006), ketoconazole vs. micafungin (p = 0.0018), voriconazole vs. caspofungin (p = 0.0248), itraconazole vs. caspofungin (p < 0.0001), itraconazole vs. micafungin (p = 0.0005).
TABLE 5 | Onset times of DILI associated with antifungals.
[image: Table 5]Outcomes due to DILI
To analyze the prognosis of antifungal drugs-induced liver injuries, we calculated the proportion of outcomes (death, disability, hospitalization, life-threatening, other serious and required intervention) due to DILI after various antifungal drugs treatments, and the results are shown in Table 6. Patients with antifungal-related liver damage tended to have poor outcomes, with approximately 42.21% of patients hospitalized and 22.86% dying. In addition, a significant difference in the mortality rate of DILI was found between different antifungal drugs (p < 0.0001). Anidulafungin results in the highest mortality rate (50.00%), while ketoconazole has the lowest mortality rate (9.60%). The mortality rate for each drug is shown in Figure 3.
TABLE 6 | Outcomes events of DILI.
[image: Table 6][image: Figure 3]FIGURE 3 | Mortality rate for DILI associated with antifungal drugs.
DISCUSSION
Drug-induced liver injury is classified as intrinsic, idiosyncratic and indirect, and the idiosyncratic type can be divided into hepatocellular injury, cholestatic liver injury and mixed liver injury (Garcia-Cortes et al., 2020). Patients with alanine aminotransferase (ALT) > 5 times the upper limit of normal or alkaline phosphatase (ALP) > 2 times the upper limit of normal were considered suspected DILI. If ALT/ALP ≥5, it is defined as Hepatocellular injury; if ALT/ALP ≤2, it is defined as Cholestatic liver injury; if 2 < ALT/ALP <5, it is defined as Mixed liver injury (Danan and Theschke, 2015).
Triazole drugs prevent the synthesis of ergosterol by inhibiting C14 (a sterol demethylase), thereby reducing sterol precursors and ergosterol, and destroying the integrity of the fungal cell membrane, thus achieving the antifungal effect (Nett and Andes, 2016). The exact mechanism of hepatotoxicity induced by triazole drugs remains unclear. They competitively inhibit liver oxidative metabolism by rapidly and reversibly binding CYP450 metabolic enzymes, and are both substrates and inhibitors of various CYP450 metabolic enzymes, with potential for drug interactions (Zonios and Bennett, 2008). Drug interactions increase the risk of increased toxicity leading to liver damage. Itraconazole is metabolized primarily by the CYP450 isoenzyme CYP3A4; voriconazole is metabolized by the CYP450 isoenzymes CYP2C9, CYP2C19, and CYP3A4 (Haria et al., 1996; Alffenaar et al., 2009). In addition, itraconazole, but not voriconazole, is an inhibitor of gastric P-glycoprotein, a transmembrane efflux pump that limits blood drug concentrations by expelling the drug into the intestinal lumen (Wang et al., 2002). Itraconazole inhibits drug efflux by inhibiting P-glycoprotein, resulting in increased plasma concentrations and increased systemic exposure of the drug, so itraconazole has a higher risk of liver damage. Fluconazole is metabolized mainly through the kidney (Shiba et al., 1990), but not extensively through the liver, so its hepatotoxicity is relatively low. The echinocandins damage fungal cell walls by inhibiting the synthesis of B-1,3 glucan, a fungal cell wall polysaccharide essential to many fungi. The echinocandins are eliminated mainly by non-enzymatic degradation to an inactive product. Although they are not significantly metabolized by CYP450 enzymes, caspofungin and micafungin are metabolized in the liver and thus have less hepatotoxicity (Nett and Andes, 2016).
This study found that almost all antifungal drugs can cause liver damage, and the association of echinocandins is significantly higher than that of triazoles. In previous studies, hepatotoxicity of echinocandins was considered to be significantly lower than that of triazoles (Tverdek et al., 2016; Kyriakidis et al., 2017). An in vitro study found that caspofungin exhibited mild hepatotoxicity, whereas fluconazole and voriconazole exhibited higher hepatotoxicity (Doß et al., 2017). Due to the low hepatotoxicity of echinocandins, some echinocandins have been used safely in patients with pre-existing liver damage, namely caspofungin in patients with chronic liver disease and post-liver transplantation (Mycamine., 2010). A retrospective study found that patients with abnormal liver enzymes at baseline had an increased overall incidence of liver injury compared with patients without elevated liver enzymes at baseline (Takeda et al., 2007). Since echinocandins are widely used in patients with liver damage themselves, if the liver damage worsens after medication, the case may be reported to FAERS as DILI. Therefore, patients with echinocandins-related liver damage will be higher than the actual liver damage caused by drugs. The basic number of patients is large, so there is a strong correlation between echinocandins and liver damage, which is also a shortcoming of this study. Due to indication bias in real-world studies, the ROR of echinocandins was higher than that of triazoles.
Of note, we also found that the correlation between different triazoles and DILI showed the following ranking: itraconazole > voriconazole > fluconazole > ketoconazole. Previous studies considered ketoconazole to be the most hepatotoxic triazole, and ketoconazole was withdrawn from the market precisely due to its hepatotoxic effect and better-evaluated alternatives, so the ROR of this study was reduced accordingly. Numerous studies have shown that voriconazole and itraconazole are more hepatotoxic than other triazoles (Kullberg et al., 2005; Wang et al., 2010), possibly due to their ability to inhibit CYP450, resulting in significant drug-drug interactions, which in turn alter circulating plasma levels of concomitant drugs and increase liver toxicity.
Another finding is that the mortality rate of echinocandins was significantly higher than that of triazole. Among echinocandins, anidulafungin has the highest mortality rate. Anidulafungin is the only echinocandin that is not metabolized through the liver, and dose adjustment is not required even in patients with severe hepatic insufficiency (Patil and Majumdar, 2017), therefore, clinicians may prefer to use anidulafungin in patients with a history of hepatotoxicity. A small retrospective study found that anidulafungin was used more than micafungin in patients with liver failure, confirming real-world channel bias (van der Geest et al., 2016). Another retrospective study also found that baseline liver function impairment and other more serious comorbidities were more likely to be in patients using anidulafungin (van der Geest et al., 2016; Vekeman et al., 2018). Therefore, the highest mortality rate of anidulafungin may be affected by the patients’ condition. However, due to the significant risk of liver injury of azole drugs, clinicians will strictly grasp the indications and monitor the level of liver function when using them and stop taking them in time to relieve the condition when liver enzymes are significantly increased. In most cases using triazoles, liver enzymes returned to normal and symptoms disappeared within a few weeks after drug withdrawal (Song and Deresinski, 2005), so triazole mortality is relatively low.
We acknowledge that our research has certain limitations. First, the FAERS database is a fully open website, so the absolute authenticity of data cannot be guaranteed, and there may be duplicate samples and imperfect data. Due to underdeveloped information in some regions, a lot of data have not been recorded in the database, for example, the sample of Africa is only 0.88%. Secondly, this study selected all patients with liver damage after medication, which could not exclude further aggravation of liver damage in patients with abnormal liver function, so there was a certain bias. Finally, this paper did not use Roussel Uclaf Causality Assessment Method (RUCAM) to define DILI, but screened all patients with liver enzyme abnormalities or liver damage, so the data were not accurate to some extent. Therefore, the FAERS database cannot be directly used to calculate the incidence of DILI, but it can be used as a pharmacovigilance tool to remind pharmacists to use antifungals with caution.
The current study showed that antifungal drugs are significantly associated with DILI, and itraconazole and voriconazole had the greatest risk of liver injury. Clinicians are advised to monitor and consider patients’ liver function when taking antifungal drugs. At the same time, due to indication bias, more clinical studies are needed to confirm the safety of echinocandins.
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Background: The Stevens-Johnson syndrome (SJS) is a severe skin reaction to non-steroidal anti-inflammatory drugs (NSAIDs), and can even be life-threatening. However, there are still few real-world studies to compare the specific differences in the adverse effects of skin and mucosal invasion.

Methods: Disproportionality analysis and Bayesian analysis were devoted to data-mining of the suspected SJS after using NSAIDs based on the FDA's Adverse Event Reporting System (FAERS) from January 2004 to March 2021. The times to onset, fatality, and hospitalization rates of antipyretic analgesic-associated SJS were also investigated.

Results: A total of 1,868 reports of SJS adverse events were identified with NSAIDs. Among 5 NSAIDs monotherapies we studied (acetaminophen, ibuprofen, aspirin, diclofenac and celecoxib), ibuprofen had the highest association with SJS based on the highest reporting odds ratio (ROR = 7.06, 95% two-sided CI = 6.59–7.56), proportional reporting ratio (PRR = 6.98, χ2 = 4201.14) and empirical Bayes geometric mean (EBGM = 6.78, 95% one-sided CI = 6.40). However, ibuprofen-associated SJS had the lowest fatality rate (6.87%, p < 0.0001) and the highest hospitalization rate (79.27%, p < 0.0001). Celecoxib-associated SJS had the latest time to onset (317.56 days, p < 0.0001). Diclofenac-associated SJS cases appeared to be associated with the highest risk of death (25.00%, p < 0.0001).

Conclusions: The analysis of FAERS data provides a more accurate profile of the incidence and prognosis of SJS after NSAIDs treatment, enabling continued surveillance and timely intervention in patients at risk of SJS following these NSAIDs.

Keywords: non-steroidal anti-inflammatory drugs, real-world study, FAERS, spontaneous reporting system, pharmacovigilance, Stevens-Johnson syndrome


INTRODUCTION

Due to its efficacy in reducing pain and inflammation, non-steroidal anti-inflammatory drugs (NSAIDs) are one of the most popularly used medicines. NSAIDs are traditionally divided into seven groups according to their different chemical structures, the most popular of which are the main derivatives of salicylic acid, acetic acid, enolic acid, anthranilic acid, or propionic acid (1). Meanwhile, NSAIDs can also be classified into non-selective and selective cyclooxygenase (COX) inhibitors according to their mechanism (2). The COX enzyme comes in two forms, COX-1 and COX-2. Non-selective NSAIDs (NS-NSAIDs), represented by aspirin, ibuprofen, acetaminophen, and diclofenac, inhibit COX-1 and COX-2 simultaneously, while selective NSAIDs (S-NSAIDs) specifically inhibit COX-2, represented by celecoxib. However, studies (3, 4) have now found that COX-3 is more sensitive than COX-1 or COX-2 to inhibition by acetaminophen, diclofenac, ibuprofen, and aspirin.

Stevens-Johnson syndrome (SJS) and toxic epidermal necrolysis (TEN) are serious adverse skin drug reactions, mainly involving the skin and mucous membranes. The single difference between them lies in the degree of skin detachment (5). They are rare and quite fatal. The average reported mortality rate of SJS is 1–5%, and that of TEN is 25–35% (6). If the patient is older or has a larger area of skin exfoliation, the mortality rate will be higher. Once SJS develops to TEN, more than 50% of surviving patients suffer from long-term sequelae of the disease (7, 8).

Drugs with higher correlation with SJS were sulfanilamide antibiotics, allopurinol, certain anti-epileptic drugs and nevirapine (9). Since 1957 (10), 30 years after SJS was first reported (11), studies (12–14) of NSAIDs-related SJS have been reported. Nevertheless, most of the evidence for NSAIDs-related SJS comes from case reports and clinical trials. Large sample analysis based on a database is also rare in recent years. Therefore, it is necessary to update our understanding and outline the risks and characteristics of adverse events after NSAIDs treatment for further prevention and management. Hence, we tried to investigate the FDA's Adverse Event Reporting System (FAERS) to evaluate and compare the relationship among acetaminophen, ibuprofen, aspirin, diclofenac, celecoxib, and serious skin adverse events in a large population. Moreover, the differences in onset time, mortality, and hospitalization rate among them were further investigated.



METHODS


Data Source

A retrospective pharmacovigilance study was conducted using data retrieved from the FAERS database from January 2004 to March 2021.

The FAERS is a public voluntary self-reporting database that provides information on adverse events and medication error reports submitted by a wide range of individuals, including physicians, consumers, and others, from all over the world. Information interchange codes for the FAERS database include demographic and administrative information (DEMO), the Medical Dictionary for Regulatory Activities (MedDRA) preferred terms (PTs) coded for the adverse event (REAC), drug information (DRUG), patient outcomes (OUTC), report sources (RPSR), therapy start dates and end dates for reported drugs (THER), and indications for use (INDI).



Adverse Event and Drug Identification

Adverse events were investigated by using the MedDRA (Version 24.0) Preferred Terms as follows: epidermal necrosis (10059284), epidermal necrolysis (10014986), Stevens-Johnson syndrome (10042033), toxic epidermal necrolysis (10044223), Stevens-Johnson reaction (10042029). Thus, the MICROMEDEX® (Index Nominum) was used like a dictionary. Acetaminophen, ibuprofen, aspirin, diclofenac, and celecoxib were defined as both brand and generic names in the DRUG file, and the role of the drug was identified as “primary suspected.”



Data Mining

Based on the basic principles of Bayesian analysis and non-proportional analysis, we applied the reporting odds ratio (ROR), the proportional reporting ratio (PRR), the Bayesian confidence propagation neural network (BCPNN), and the multi-item gamma Poisson shrinker (MGPS) algorithms to investigate the association between NSAIDs and the adverse reactions. The equations and criteria for the four algorithms (15–23) are shown in Table 1. These algorithms were extracted to measure the strength of the association between drugs and adverse events, and if one of the four algorithms met the criteria, it should be considered a positive signal for SJS.


Table 1. Summary of major algorithms used for signal detection.
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We calculated the onset time of SJS following acetaminophen, ibuprofen, aspirin, diclofenac, and celecoxib, respectively, which was defined as the interval between adverse event onset date and start date of the administration. Reports with incorrect input or incorrect data input were also excluded. In addition, mortality would be defined as the number of fatal events divided by the total number of NSAIDs-related SJS.



Statistical Analysis

Descriptive analysis was applied to summarize the clinical characteristics of SJS patients resulting in NSAIDs from the FAERS database. As the data were not normally distributed, non-parametric tests (the Dunn's multiple comparison test for dichotomous variables and the Kruskal-Wallis test when there were more than two subgroups of respondents) were used to compare the time to onset of NSAIDs-associated SJS. Pearson's chi-square test or Fisher's exact test was utilized to compare the mortality and hospitalization rates between different NSAIDs. The statistical significance was set at p < 0.001 with 95% confidence intervals. All statistical analyses were performed using GraphPad Prism 8 (GraphPad Software, CA, USA).




RESULTS


Disproportionality Analysis and Bayesian Analysis

From January 2004 to March 2021, a total of 1876 cases of SJS-related reports were recorded in the FAERS database. Four hundred and seventy five cases of SJS associated with acetaminophen (APAP) as a suspicious drug, 847 cases associated with ibuprofen, 173 cases associated with aspirin, 202 cases associated with diclofenac, and 179 cases associated with celecoxib were identified. According to the standards of the four algorithms, the severe skin adverse reaction signals were detected for these five NSAIDs, respectively. As shown in Table 2, all of these five drugs had statistically significant ROR, PRR, information component (IC), and empirical Bayesian geometric mean (EBGM). Among them, ibuprofen had the highest association with SJS based on the highest ROR (ROR = 7.06, 95% two-sided CI = 6.59–7.56), PRR (PRR = 6.98, χ2 = 4201.14) and empirical Bayes geometric mean (EBGM = 6.78, 95% one-sided CI = 6.40). On the contrary, the lowest association with SJS was found in celecoxib.


Table 2. Signal detection for NSAIDs-associated Stevens-Johnson syndrome.
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Descriptive Analysis

The baseline clinical characteristics are summarized in Table 3. Except for the unspecified age, SJS was more likely to occur in young patients (<18 years old) treated with ibuprofen (51.77%) or acetaminophen (36.01%), while aspirin-associated SJS mostly occurred in elderly patients (75–84 years old) (25.63%). In terms of diclofenac and celecoxib, middle-aged patients (45–64 years old) accounted for 34.29 and 47.62% of reported cases respectively, accounting for the majority of the patients in their different age groups. Except for the unspecified data, females made up far more reports than males in the case of all NSAIDs except for acetaminophen, especially celecoxib (68.94 vs. 31.06%), while the proportion of females and males were almost equal in the case of acetaminophen (49.14 vs. 50.86%). As for acetaminophen, ibuprofen, and aspirin, nearly half of the reports were from Europe (43.74, 48.60, and 51.53%, respectively). Diclofenac-associated SJS was mainly reported from Asia (49.43%) and 85.63% of the reports of celecoxib-associated SJS were from North America. Except for celecoxib, other health-professional who were not the pharmacist or the physician accounted for the majority of the reported cases (acetaminophen: 55.82%, ibuprofen: 41.20%, aspirin: 46.54%, diclofenac: 57.23%). For celecoxib, physicians submitted 34.27% of reported cases, which was only lower than the number of cases reported by lawyers (36.36%).


Table 3. Clinical characteristics of patients with NSAIDs-associated Stevens-Johnson syndrome collected from the FAERS database (January 2004 to March 2021).
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Time to Onset of NSAIDs-Associated SJS

We described the time to onsets of SJS for NSAIDs in Figure 1. According to the data, the median onset time of celecoxib-associated SJS was 28 days [interquartile range (IQR) 5.75–490.75], which was significantly longer than that of APAP- (4 days, IQR 1.75–9.75), ibuprofen- (3 days, IQR 1–7) and diclofenac-related SJS (3 days, IQR 0–21) (Dunn's multiple comparison test, p < 0.001). Meanwhile, the median onset time of aspirin-associated SJS was 17.5 days (IQR 7.25–28.75), which was also longer than that of the three drugs mentioned above (Dunn's multiple comparison test, p < 0.001). However, there was no significant difference between aspirin-related SJS and celecoxib-related SJS. In addition, the average time to onset of celecoxib-associated SJS (317.56 days) and aspirin-associated SJS (81.34 days) was significantly different from that of APAP (7.10 days), ibuprofen (26.33 days) and diclofenac (35.84 days) (Dunn's multiple comparison test, p < 0.001).


[image: Figure 1]
FIGURE 1. Time to event onset of Stevens-Johnson syndrome following different non-steroidal anti-inflammatory drugs.




Fatality and Hospitalization Due to NSAIDs-Associated SJS

The rate of fatality and hospitalization due to SJS following NSAIDs were assessed to analyze the prognosis of NSAIDs-associated severe skin adverse reactions. The hospitalization rate of ibuprofen-associated SJS was 79.27%, ranking first among the five NSAIDs with absolute advantage (acetaminophen: 67.65%, diclofenac: 58.5%, celecoxib: 47.19%, aspirin: 48.55%) and there were significant differences between ibuprofen and the remaining four NSAIDs (Fisher's exact test, p < 0.001). However, the mortality rate of SJS caused by ibuprofen is 6.87%, which was significantly lower than that of aspirin-associated SJS (19.65%) and diclofenac-associated SJS (25.00%) (Fisher's exact test, p < 0.001). There was no significant difference between SJS caused by aspirin and diclofenac.




DISCUSSION

To the best of our knowledge, this study is the largest collection based on the FAERS pharmacovigilance database from January 2004 to March 2021, describing the differences in the vulnerable population, onset time, and adverse outcomes of SJS following NSAIDs (acetaminophen, ibuprofen, aspirin, diclofenac, and celecoxib) in real-world practice. Non-steroidal anti-inflammatory drugs, especially the COX-2 specific inhibitors, were predominantly suspected of triggering SJS (24). However, most previous studies were based on case report series (25, 26), or only focused on a small sample of people in a specific area (27–29). There has been a previous study based on the FAERS database (30), but only some reports of S-NSAIDs in the 2 years after their marketing (up to March 2004) were studied. Therefore, they did not discuss the characteristics of SJS following NSAIDs (both selective and non-selective) from a more comprehensive perspective, nor did they compare SJS following these drugs among these drugs.

Current studies have identified NSAIDs as a suspected cause of SJS (25). Sequelae of Stevens-Johnson syndrome are rare. Reports of SJS caused by these five NSAIDs have only appeared since 2005, and the total number of reports so far is still small. Since there is no specific treatment other than to relieve symptoms, SJS can be life-threatening once it occurs (31). Non-steroidal anti-inflammatory drugs have been widely used for a long time, not only as prescription drugs but also as over-the-counter. Stevens-Johnson syndrome, as one of its serious skin adverse reactions, has a low incidence, but the pain brought by SJS and its sequelae to patients still cannot be ignored.

The mechanism of NSAIDs-associated SJS has not been determined so far. It is hypothesized that liver injury causes toxic retinoid compounds to overflow into the circulation, leading to an endogenous form of hypervitaminosis A and widespread cell apoptosis mediated by granular globulin, eventually manifesting as SJS/TEN (32). Meanwhile, NSAIDs are a leading cause of liver injury across the world (33). Based on the above two points, the reason why NSAIDs lead to SJS is that NSAIDs cause initial damage, which then leads to mitochondrial permeability transformation, and eventually leads to hepatocyte necrosis or apoptosis (34), which finally leads to SJS through the pathways mentioned above. It has also been found that the drug can induce keratinocytes to express the death receptor CD95 (Fas) and its ligand (Fas L), thus significantly increasing the expression of TNF-α, perforin and granzyme B, eventually leading to cell necrosis (35, 36). In addition, the most common drugs related to SJS are the sulfonamide antibiotics (5), so aspirin and celecoxib may be related to SJS due to its sulfonamide moieties.

According to epidemiological results, although all age groups may be affected, the main population still has different priorities. This may be associated with the difference in the population to which they apply. Celecoxib is not recommended for patients younger than 18 years old and therefore there is no data for this age group of patients with celecoxib-associated SJS. Because the World Health Organization (WHO) only recommends acetaminophen and ibuprofen as antipyretic drugs for children, children with fevers are more likely to be exposed to them than other age groups. In addition, because the livers of children are not fully developed and various drug-metabolizing enzymes are not yet complete, they are more likely to develop NSAIDS induced liver damage, which can lead to the progression of SJS. Thus, patients younger than 18 years old are more likely to have SJS. Although aspirin is an antipyretic analgesic drug, it is also often used to reduce the risk of myocardial infarction in patients with cardiovascular risk factors (37). Aging will lead to the decline of liver function in patients (38), which provides an opportunity for the occurrence and development of SJS. At the same time, aspirin might accumulate in the body due to the decreased kidney function in older adults with chronic cardiovascular disease. Thus, aspirin-related SJS are more likely to occur in elder patients.

Based on the FAERS database, the median and average time to onset of severe skin adverse reactions for celecoxib and aspirin were significantly longer than those of APAP, ibuprofen, and diclofenac. However, there is no significant difference between celecoxib and aspirin, or among APAP, ibuprofen, and diclofenac. It may be less convincing to use selective inhibition of COX-2 directly as the cause of the difference in onset. Studies have found that the same patient groups are affected after the use of NS-NSAIDs and S-NSAIDs (25). In addition, aspirin is a non-selective COX inhibitor and celecoxib is a selective COX inhibitor, and the difference between the two does not make a significant difference. However, the median onset time of APAP- and ibuprofen-related SJS, both NSAIDs, is one-fourth to one-fifth that of aspirin-related SJS. From another perspective, we could infer the difference in onset time from the difference in their chemical structure. Aspirin and celecoxib contain sulfonamide moieties whereas the other three drugs do not. The most common drugs that cause SJS are sulfonamide antibiotics, whether it means that sulfa drugs can preserve the potential for serious skin adverse events for a longer period of time. All of this still requires future experiments or longer observations to prove.

According to current research, Stevens-Johnson syndrome usually means an adverse outcome (hospitalization or death). More than almost half of the patients with NSAIDs-associated SJS are likely to be hospitalized, especially ibuprofen (79.27%) and acetaminophen (67.65%). There were significant differences between ibuprofen and the remaining four NSAIDs (Fisher's exact test, p < 0.001). Again, this requires special attention in pediatric patients. The young age and short onset time, coupled with the lack of good treatment for SJS itself, may lead to more children being hospitalized. However, the mortality rate of SJS following ibuprofen is 6.87%, which was significantly lower than that of aspirin-associated SJS (19.65%) (Fisher's exact test, p < 0.001). This may be because aspirin affects mainly the elderly and the patients it treats are more likely to have cardiovascular disease risk factors and are more likely to die with poorer underlying health conditions. However, it should be noted that SJS itself lacks targeted treatments other than symptom relief, so caution should be exercised regardless of the mortality rate in this study.

Despite the advantages of real-world research and the data mining techniques in this study, inevitably, there are some limitations to this study. First, the signals obtained through Bayesian analysis and disproportionate analysis can only prove that there is a correlation between NSAIDs and SJS, but cannot prove the causal relationship between them. Therefore, the hypothesis generated by the disproportionation analysis needs to be further verified by more reliable methods. Second, FAERS is a spontaneous adverse drug event reporting system, and there may be arbitrariness in reporting. Although we can see the identity of the reporter, the omissions or errors in the report content caused by the recall bias cannot be avoided. For possible duplicate reports (different CASEID but overlapping data), we delete them based on event_dt, age, sex and reporter_country according to the method recommended by the FDA, but important reports may be hidden in the deleted data. Fourth, different drugs are approved at different times, which can lead to more adverse event reports for drugs that have been on the market for long. Take celecoxib and ibuprofen as examples, in the United States, celecoxib was approved for marketing in 2008, while ibuprofen had been on the market as early as 1974. The 34-year difference would bring about a big difference in the number of reports, especially when the start time of the report we selected is January 2004. Fifth, although we can see the statistics of the basic information of many patients, the basic disease status of the patients is not clear, which will bring many confounding factors and bring uncertainty to our analysis. For example, patients may already have underlying chronic conditions such as cardiovascular disease (especially for aspirin), or baseline liver insufficiency, which can affect skin adverse reactions. Although these drawbacks above do exist, the FAERS database can identify signals of NSAIDs and SJS, and further, describe the treatment of these 5 NSAIDs. Our study may provide a new basis for further clinical studies of well-organized NSAIDs-associated SJS.
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Objective: This study aimed to explore the clinical features and outcomes of children with spinal cord injury (SCI) without fracture or dislocation.

Methods: The clinical data of children with SCI without fracture or dislocation in this retrospective study were collected in Chongqing, China (January 2010 to December 2021). We collected patient demographics at admission including age, gender, cause, level, and severity of the injury in admission and complications. Reports from radiologic imaging were reviewed to identify spina bifida occulta (SBO). Neurological function was evaluated using the American Spinal Injury Association (ASIA) Impairment Scale (AIS) for an SCI.

Results: A total of 74 children with SCI (male, 27%; female, 73%; male-to-female ratio, 1:2.7; average age, 5.7 years) were included. The main cause of injury was backbend during the dance (34 patients, 45.9%, including 2 patients who hugged back falling backward), followed by traffic accidents (17 patients, 23%). Children with backbend-related SCI were older than other children (6.9 vs. 4.9 years old, P < 0.001). When reviewing all radiological images, it was found that 20 (27%) patients with SCI had SBO. The proportion of SCI with SBO caused by backbend was considerably higher than those caused by non-backbend (41.2 vs. 15%, P = 0.012). The AIS were 22 (29.7%), 4 (5.4%), 8 (10.8%), 31 (41.9%), and 9 (12.2%) in A, B, C, D, and E, respectively. The prognosis was poorer in the backbend during dancing than other causes of injury (p = 0.003).

Conclusion: This study showed that backbend during the dance was the main cause of children's SCI without fracture or dislocation in Chongqing, China. The prognosis was poorer in those children than in other causes of injury. Meanwhile, we have established an association between SBO and SCI for children performing a backbend during the dance.

Keywords: spinal cord injury without fracture or dislocation, spina bifida occulta, risk factor, children, China


INTRODUCTION

Spinal cord injury without radiologic abnormality (SCIWORA) was defined as traumatic myelopathy without radiographic features of spinal fracture or dislocation, which was initially described by Pang and Wilberger in 1982 (1). Along with the development and popularity of MRI, real SCIWORA or without neuroimaging abnormality has become increasingly rare. Previous studies demonstrated the leading etiologies of spinal cord injury (SCI) without fracture or dislocation, including motor vehicle accidents, falls, sports, and child abuse in western countries (2). While that appeared different in China, dance injury has been supposed to be the main cause (3, 4). In 2019, Liang et al. (5) reported three cases of pediatric SCI caused by minor trauma and suggest that spina bifida occulta (SBO) might be a predisposing factor for SCI without fracture or dislocation.

Spina bifida is the term used to describe the failure of fusion of the neural folds during the neurulation phase of embryologic development, which has usually been divided into spina bifida cystica (SBC) and SBO (6). SBO has recently been linked with voiding dysfunction, constipation, or lower urinary tract abnormality (7, 8). The pathological changes in the core of SBO are tethered spinal cord, which has longitudinal traction damage to the spinal cord (6). Chronic spinal cord traction may play an important role in the mechanism of pediatric SCI following minor trauma.

Therefore, the aim of the present study was to determine the demographic of SCI without fracture or dislocation and to compare the prevalence of SBO between SCI following backbend during the dance and those without backbend. Furthermore, the study also assessed potential risk factors for the severity of the injury. Identification of risk factors for children attending dancing courses could be of value in risk assessment and prevention.



MATERIALS AND METHODS


Study Population

We retrospectively analyzed 74 children with SCI identified in the medical database at Children's Hospital of Chongqing Medical University from January 2010 to December 2021. Two independent researchers reviewed all medical records and radiological images to identify SCI. The inclusion criteria were as follows: (1) patients admitted with a diagnosis of traumatic spinal cord injury; (2) without fracture or dislocation of the spine; and (3) follow-up time >6 months. The exclusion criteria were as follows: (1) with any other neurologic diseases; (2) incomplete radiological data; and (3) with neoplasm, vascular malformation, and so on. The study was approved by the Ethics Committee of Children's Hospital of Chongqing Medical University (NO. 202249).



Measures and Definition

We collected patient demographics at admission including age, gender, cause, level, and severity of the injury in admission, and complications. Reports from radiologic imaging were reviewed to identify SBO, if present, and the length of lesions on a sagittal T2-Weighted magnetic resonance image (MRI). Neurological function was evaluated using the American Spinal Injury Association (ASIA) Impairment Scale (AIS) for a spinal cord injury, the severity of the injury was graded as A to E, while A represents a complete injury, and B through E represents incomplete injuries. Age was divided into two groups: 0–8 years and 9–18 years. Falling below 1 meter was classified as a low fall, and above 1 meter was classified as a high fall.



Statistical Analysis

Continuous variables were expressed as means ± SD and categorical variables as numbers and percentages. Differences in categorical variables were compared using Chi-square or Fisher's exact test between groups. The two means were compared with independent t-tests for normally distributed variables and the Mann-Whitney U test for nonnormally distributed variables. Univariate and multivariate logistic regression analyses were applied to assess the risk factors for the severity of the injury. A P-value of <0.05 was considered statistically significant. Statistical analyses were performed using R software version 4.1.2 (Project for Statistical Computing).




RESULTS


Patients Characteristics

Patients characteristics are summarized in Table 1. For those subjects, the average age range was 5.8 (2.7) years old, and the maximal age range was 15 years, while the minimum age range was 1.1 years. The main etiology of injury was backbend during dancing (34 patients, 45.9%, including 2 patients hugged back falling backward), followed by traffic accident (17 patients, 23%). Only very few injuries (3 patients, 4.1%) occur during sports activities. In total, 65 (87.8%) patients had various lesions determined by MRI. The most common type of complication was the neurogenic bladder, which occurred in 45 of 54 patients (83.3%) during the convalescent phase. Urinary tract infection (66.7%) and osteopenia (48.1%) were the second and third most common complications found in patients, respectively.


Table 1. Clinical characteristics (n = 74).
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Patients Characteristics: Backbend vs. Non-backbend

Table 2 summarizes the demographic, injury, and MRI features of patients by backbend vs. non-backbend. The causes of injuries in patients by backbend were older than those caused by non-backbend (6.9 vs. 4.9 years old, P < 0.001). There was a proportional difference between males and females (female predominance), with a male-to-female ratio of 1:2.7. Injuries in patients caused by back bend were more likely to suffer from longer levels of lesions determined by MRI (7 vs. 5 vertebral). When reviewing all radiological images, we were surprised to find that there were 20 (27%) patients with SBO in all patients (Figure 1). The main types of SBO were simple lumbosacral spinal dysraphism (15 patients, 75%, including one patient who had combined sacral lumbarization) and fatty filum terminale (4 patients, 20%). The proportion of patients with SBO caused by backbend was considerably higher than those caused by non-backbend (41.2 vs. 15%, P = 0.012).


Table 2. Characteristics of SCI caused by backbend and non-backbend.
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FIGURE 1. Radiological images showing spina bifida occulta. (a) Sacral 1 spina bifida occulta. (b) Fatty filum terminale. (c–e) are from the same patient. (c) Sacral lumbarization and Lumbar 6 spina bifida occulta. (d) Sacral 1 spina bifida occulta. (e) Sacral 2 spina bifida occulta.




Risk Factors for Severity of the Injury

Univariate and multivariate logistic regression analyses were employed to analyze the risk factors that featured statistical differences between the complete SCI group and the incomplete SCI group. It was observed that sex, age, cause, and SBO are not the risk factors affecting the severity of the injury, as shown in Table 3.


Table 3. Univariate and multivariate logistic regression analysis of the severity of the injury.
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Progression During the Last Follow-up

American Spinal Injury Association Impairment Scale grades and complications at the last follow-up were shown in Table 4. Final AIS grades were as follows: 22 A (29.7%), 4 B (5.4%), 8 C (10.8%), 31 D (41.9%), and 9 E (12.2%). The prognosis was poorer in the backbend during dancing than other causes of injury (p = 0.003). Complete injury in admission was also significantly associated with poorer neurologic recovery (p < 0.001). Although there was no statistical difference between SBO and normal, the proportion of patients with SBO caused by backbend was considerably higher than that caused by non-backbend (41.2 vs. 15%, P = 0.012).


Table 4. Progression at last follow-up.
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DISCUSSION

There is a wide disparity in the incidence rates of SCI without fracture or dislocation across the world (9, 10), with the highest incidence in pediatrics subjects, which is largely explained by differences in spinal biomechanical specificities. Pediatrics show a great deformation capacity due to their disc and ligament elasticity and anatomic features, especially before 8 years of age (11, 12). Although some studies have investigated the pathogenesis of SCI caused by backbend during dance (13, 14), the underlying mechanisms remain incompletely understood.

Compared with previous studies in other countries, the obvious difference was the demographic factors, which were in accordance with the results of Zou et al. (4). The age of SCI for this study was younger than compared with other studies (5.8 vs. 9.78 years), besides, the male-to-female ratio was 1:2.7, indicating a slightly higher incidence of females compared with other countries in which the male-to-female ratio was 1.8–3.3:1 (2, 9). Alternatively, the incidence of paraplegia caused by thoracic or/and lumbar was higher (83.8%), this result reached 100% in patients with injuries caused by backbend during the dance, which was different from almost all of the previous studies as well (2, 9, 15). Road accidents (37%) and sports accidents (31%) were identified as the main causes of SCI by a systematic review (16). While backbend during the dance was the main cause of children SCI in China in the present study which is similar to the study by Zou et al. (4).

Previous literature suggested that children (particularly those younger than 8 years) have specific biomechanics of the vertebral column due to lack of uncus, anterior vertebral wall immaturity, and vertebral ligament elasticity (17). Under external force, vertebral displacement recaptures quickly, and damage to the spinal cord could occur at the same time. The present study identified that children younger than 8 years of age represented 82.4% of all children with SCI. Interestingly, demographic differences mentioned above were associated with the main cause. Attending dancing courses is a more common phenomenon for girls, especially at the age of 4–8 years. The spinal cord has poor tolerance to traction compared with the spinal. When the amplitude of back extension continues to rise beyond the tolerance threshold of the spinal cord which is fixed in vertebral foramen by spinal nerve root passing through the corresponding intervertebral foramina, a spinal cord injury of the thoracic and/or lumbar will be triggered (13). However, we did not find that backbend during the dance was an independent risk factor for SCI without fracture or dislocation. This may be due to the small sample size. In the current study, there was a significant difference in the prognosis between the backbend and non-backbend (P = 0.003). This was potentially due to more patients with complete injuries which also served as a poor prognostic indicator of SCI in the group backbend.

Another important finding was that 20 (27%) patients with SBO observed in our study included simple lumbo-sacral spinal dysraphism, fatty filum terminale, and sacral lumbarization for the first time. Spina bifida is the term used to describe the failure of fusion of the neural folds during the neurulation phase of embryologic development, which is usually been divided into SBC and SBO (18). Previous literature has commonly believed that SBO is a failure of fusion of the vertebral arches that are covered by the skin and mostly does not involve the spinal cord. Based on their pathological characteristics, SBO is classified into different types, including simple lumbosacral spinal dysraphism, spinal cord lipoma, diastematomyelia, fatty filum terminale, intradural lipoma, and so on (19). The pathological changes in the core of spina bifida are tethered spinal cord, that has longitudinal traction damage to the spinal cord (18). Lipomas of the spinal cord and fatty myelomeningocele often have fat masses that compress the spinal cord laterally and may restrict the growth and extension of spinal cord nerve roots, leading to neurodevelopmental dysplasia (19). SBO is easily disregarded since it does not show any symptoms, and even in those who show symptoms, the symptoms tend to be limited to only bowel and bladder dysfunction. Meanwhile, the proportion of SCIWORA with SBO caused by backbend was considerably higher than that caused by non-backbend (P = 0.012). We hypothesized that there was a possible association between SBO and spinal cord abnormalities which could cause spinal cord damage more easily. The hypothesis is supported by Liang et al. (5), who reported three children with real SCIWORA caused by minor trauma. Although three patients had no signs of tethered cord syndrome prior, tight filum terminale was found during the operation. The filum terminale is a fibrous and viscoelastic band that connects the conus medullaris to the periosteum of the coccyx, and it is thought to fixate and stabilize the lower cord during abnormal cephalad and caudal traction, and also allow the conus to move during flexion and extension of the spine (20). The fatty filum terminale refers to a filum that is both >2 mm in diameter and contains a fat signal (21). The fat infiltration can cause stretching and tethering of the conus resulting in neurological symptoms. Identification of risk factors for children attending dancing courses could be of value in risk assessment and prevention. Although the direct evidence is still missing and the exact mechanism remains unclear, SBO might cause chronic spinal cord traction or underlying structures occurs resulting in a pediatric thoracic and lumber SCI following minor trauma.

This study still has some limitations. First, the study was retrospective, thus, our results need confirmation in a prospective study. Second, single-center research study with inevitable selection bias. Third, we were unable to assess the risk factors for backbend during dance and SCI without fracture or dislocation due to the lack of a control group. Although we looked for risk factors for complete SCI, it was observed that sex, age, cause, and SBO are not the risk factors affecting the severity of the injury. This may be due to the small sample size. Further studies with larger sample sizes are required for confirming the relationship. Finally, lack of pathologically confirmed patients. However, all of the patients were strictly screened with both comprehensive ASIA assessments and radiographic. SCI without fracture or dislocation is a disease that has low prevalence rates but significant disability for children, and its poor prognosis severely influences the affected patients. It is important to prevent this disease. Therefore, scientific popularization should be strengthened to enhance the awareness of individuals who practice any activity that involves backbend. Children, particularly those younger than 8 years, should be encouraged to avoid prolonged, repetitive backbend of the spine to reduce the risk during the dance.

In summary, this study showed that backbend during the dance was the main cause of children's SCI without fracture or dislocation in China. The prognosis was poorer in those children than in other causes of injury. Meanwhile, we have established an association between SBO and SCI for children performing a backbend during the dance.
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Aims: The aims of the study were to 1) establish a population pharmacokinetic (Pop-PK) model for busulfan in Chinese pediatric patients undergoing hematopoietic stem cell transplantation (HSCT) and then estimate busulfan exposure and 2) explore the association between busulfan exposure and clinical outcomes.
Methods: A total of 128 patients with 467 busulfan concentrations were obtained for Pop-PK modeling using nonlinear mixed effect model (NONMEM) software. Sixty-three patients who received the 16-dose busulfan conditioning regimen were enrolled to explore the correlations between clinical outcomes and the busulfan area under the concentration–time curve (AUC) using the Cox proportional hazards regression model, Kaplan–Meier method and logistic regression.
Results: The typical values for clearance (CL) and distribution volume (V) of busulfan were 7.71 L h−1 and 42.4 L, respectively. The allometric normal fat mass (NFM) and maturation function (Fmat) can be used to describe the variability in CL, and the fat-free mass (FFM) can be used to describe the variability in V. Patients with AUCs of 950–1,600 µM × min had 83.7% (95% CI: 73.3–95.5) event-free survival (EFS) compared with 55.0% (95% CI: 37.0–81.8) for patients with low or high exposure (p = 0.024). The logistic regression analysis results showed no association between transplant-related toxicities and the busulfan AUC (p > 0.05).
Conclusions: The variability in busulfan CL was related to the NFM and Fmat, while busulfan V was related to the FFM. Preliminary analysis results suggested that a busulfan AUC of 950–1,600 µM × min was associated with better EFS in children receiving the 16-dose busulfan regimen.
Keywords: event-free survival, busulfan exposure, population pharmacokinetics, pediatric patients, hematopoietic stem cell transplantation
INTRODUCTION
Hematopoietic stem cell transplantation (HSCT) effectively treats many life-threatening malignant and nonmalignant diseases in pediatric patients (McCune and Holmberg, 2009). Busulfan is a bifunctional alkylating agent widely used in conditioning regimens in combination with cyclophosphamide (CTX), fludarabine and other chemotherapeutic drugs applied before HSCT. Busulfan is known for high variability in intra- and interindividual pharmacokinetics (PK) and pharmacodynamics (PD), especially in children (Nguyen et al., 2004; Booth et al., 2007; Bartelink et al., 2012; Savic et al., 2013; Long-Boyle et al., 2015; Marsit et al., 2020).
To identify relevant relationships between busulfan PK and potential covariates, population PK (Pop-PK) models have been established for different populations. Based on the Pop-PK model, weight-based initial dosing strategies were proposed by the United States FDA, and the European Medicines Agency (EMA) created in children (Nguyen et al., 2004; Booth et al., 2007). Except for body weight (Nguyen et al., 2004; Booth et al., 2007; Bartelink et al., 2012), other Pop-PK models have shown that age (Savic et al., 2013; McCune et al., 2014), body surface area (BSA) (Trame et al., 2011; Wang et al., 2015; Rhee et al., 2017), body composition (McCune et al., 2014; van Hoogdalem et al., 2020), coadministered drugs (such as fludarabine) (Ishiwata et al., 2018) were associated with busulfan clearance (CL). Notably, the influence of genetic polymorphisms in glutathione S-transferase (GST) enzymes, which mediate the metabolism of busulfan conjugation with glutathione, affect the degree of busulfan metabolism and may cause variability in busulfan PK (Yin et al., 2015; Ansari et al., 2017; Nava et al., 2017; Kim et al., 2019). GSTA1, the predominant enzyme in busulfan metabolism, was first introduced as one of the covariates into a Pop-PK model in children and adolescents (Nava et al., 2018). Recently, Yuan et al. (2021) also showed a lower CL of busulfan in patients with the GSTA1 mutant genotype than in those with the wild-type in a Chinese pediatric population (Yuan et al., 2021).
However, the pediatric patients with these alternative Pop-PK models and dosing nomograms were mainly Caucasian (Nguyen et al., 2004; Booth et al., 2007; Trame et al., 2011; McCune et al., 2014; Nava et al., 2018; van Hoogdalem et al., 2020), Japanese (Nakamura et al., 2008; Ishiwata et al., 2018), and Korean (Rhee et al., 2017) populations. As we know, there are a few Pop-PK studies on busulfan in Chinese adults (Wu et al., 2017; Huang et al., 2019; Sun et al., 2020), and there are only two Pop-PK studies on busulfan in Chinese children (Yuan et al., 2021; Huang et al., 2022). A systemic external evaluation of 11 published models on busulfan using data from Chinese pediatric patients by Huang et al. (2022) showed that the model developed only from the Korean population (Rhee et al., 2017) was suitable for Chinese HSCT pediatric patients (Huang et al., 2022). Therefore, due to the differences in body size, dietary habits and genetic background of the populations included in different Pop-PK studies, continued Pop-PK studies in the Chinese pediatric population are warranted to establish a platform for individualized busulfan administration.
It is widely understood that systemic exposure to busulfan measured as the area under the concentration time curve (AUC) or average steady-state concentration (Css) has a certain correlation with clinical outcomes (Bartelink et al., 2016; Palmer et al., 2016). Subexposure (< AUC 900 µM × min or Css 600 ng ml−1) results in higher rates of failure, graft rejection and disease relapse (Slattery et al., 1995; McCune et al., 2002; Bartelink et al., 2009). However, overexposure (>AUC 1500 µM × min or Css 900 ng ml−1) is associated with an increased risk of transplant-related toxicities (TRTs), such as veno-occlusive disease (VOD), acute graft-versus-host disease (aGVHD) and transplantation-related mortality (Grochow et al., 1989; Dix et al., 1996; Ljungman et al., 1997; Andersson et al., 2002). In children, the target exposures recommended by the FDA and EMA dosage regimens are 900–1,350 ± 5% µM × min and 900–1,500 µM × min for 6-hourly intravenous (IV) busulfan administration, respectively (Palmer et al., 2016). Nevertheless, studies on the relationship between busulfan exposure and clinical outcomes in Chinese populations are still scarce (Yin et al., 2015), especially among children (Shao et al., 2022).
Hence, the aims of the current study were 1) to characterize the PK of IV busulfan in Chinese children using Pop-PK analysis; 2) to evaluate the associations between busulfan exposure (expressed as AUC) and clinical outcomes in patients receiving a 16-dose busulfan myeloablative regimen (four times daily for four consecutive days), and preliminarily explore the optimum busulfan therapeutic range.
MATERIALS AND METHODS
Patients and Treatment Regimens
This study was conducted with 128 pediatric patients who received busulfan from July 2018 to February 2021. Patients who received IV busulfan as part of the conditioning regimen for HSCT were included, and patients for whom busulfan PK data were not available due to blood collection difficulties were excluded. This study was approved by the Medical Ethics Committee of the Children’s Hospital of Soochow University (Suzhou, China), and all patients/parents provided written informed consent.
Busulfan (Busulfex; Otsuka Pharmaceutical Co., Ltd.) dosage was 0.8 mg kg−1–1.2 mg kg−1 based on the actual or adjusted body weight (for obese patients). The adjusted body weight was calculated using the following equation: adjusted body weight = (actual weight − standard weight) × 0.25 + standard weight. The standard weight refers to the standardized growth charts for height and weight of Chinese children and adolescents aged 0–18 years (Hui et al., 2009). The therapeutic dose strata of busulfan are summarized in Supplementary Table S2. Busulfan was administered four times daily over 2 to 4 consecutive days as a 2 h infusion via a central venous catheter. No dosage adjustments were performed during the whole therapy procedure.
The pretreatment regimen varied depending on the different underlying diseases and types of donors. Generally, busulfan was combined with either CTX, fludarabine (FLU), cladribine, cytarabine, etoposide or anti-thymocyte globulin. Oral phenytoin was used on the busulfan infusion days as seizure prophylaxis, beginning the day before the initiation of busulfan treatment. Cyclosporine or tacrolimus and mycophenolate mofetil in combination with methotrexate were used for aGVHD prophylaxis. Heparin and alprostadil were used for VOD prophylaxis, and mesna was given to prevent hemorrhagic cystitis.
Busulfan Pharmacokinetic Analysis and Genotyping
PK blood samples were obtained from the peripheral vein or central venous line (not used to infuse busulfan) at 0, 2, and 4 h (prior to the next scheduled busulfan administration) after the end of the first dose of busulfan infusion. Additionally, samples were collected before the fifth infusion dose for 61 (47.7%) patients. The specific time of sampling was recorded. Two to three milliliters of whole blood were collected in EDTA tubes for each sample. The samples were centrifuged and stored at −80°C until analysis. Busulfan plasma concentrations were measured using optimized liquid chromatography–tandem mass spectrometry (Li-na et al., 2016). The calibration curve was linear over a concentration range of 0.1–10 µg ml−1 (r = 0.997), and the lower limit of quantitation was 0.1 µg ml−1.
Blood samples for genotyping were withdrawn before the first busulfan infusion. DNA extraction was performed using the QIAamp DNA Blood Mini Kit (Qiagen, Germany), following the manufacturer’s instructions. The genetic variants for GSTA1 were determined at the following loci: rs3957357, rs3957356, rs11964968, rs4715333, and rs58912740. GSTP1 was genotyped according to rs1695. Single-nucleotide polymorphisms (SNPs) in the GSTA1 and GSTP1 genes were separately genotyped using multiplex PCR and sequencing. A panel containing 6 target SNP sites was designed. Library preparation was performed using two-step PCR. Paired-end sequencing of the library was performed on HiSeq XTen sequencers (Illumina, San Diego, CA).
Population Pharmacokinetic Modeling
Pop-PK analysis was performed using nonlinear mixed effect model (NONMEM) software (version 7.3.0; Double Precision; ICON Development Solutions). The auxiliary software included Wings for NONMEM (Version 7.4.1, http://wfn.sourceforge.net), R packages (version 3.4.3, http://www.r-project.org) and Pirana (version 2.9.4, http://www.pirana-software.com). The ADVAN1 and TRAN2 subroutines and the first-order conditional estimation method with interaction (FOCE-I) were chosen to estimate parameters.
Busulfan pharmacokinetics were fitted using a one-compartment PK model with first-order elimination as the structural model. The estimated PK parameters included the CL and distribution volume (V). The between-subject (BSV) and between-occasion variability (BOV) were assessed using an exponential model (Supplementary Equation S1). Residual variability was described using a combined model with a proportional and additive model (Supplementary Equation S2).
The variability in CL and V was predicted using body size and composition with a theory-based allometric model and busulfan metabolism maturation upon CL was also evaluated as a maturation function (Fmat), as proposed by McCune et al. (2014). Nine different models based on normal fat mass (NFM) scaling of CL were assessed using Eq. 1 (Table 1). V was predicted using Eq. 2. The Akaike information criterion (AIC) and Bayesian information criterion (BIC) were estimated for these models using Pirana. Models with lower AIC and BIC values were considered superior models.
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where CLSTD and VSTD are the typical CL and V values scaled to those of an adult male with a body weight of 70 kg and a height of 176 cm. The standard NFM (NFMSTD) was calculated using Supplementary Equations S3, S4. The exponent k1 was estimated in seven models, and in Model I and Model III, k1 was fixed to a theory-based value of 3/4 (Holford and Anderson, 2017). Fmat represents the maturation of CL based on postmenstrual age (PMA) using Supplementary Equations S5, S6 and was fixed to 1, except in Model III.
TABLE 1 | Parameter estimates of the nine NFM-dependent CL candidate models.
[image: Table 1]Other potential covariates included the baseline disease (malignant vs. nonmalignant), hematological and biological indicators, genotype and daily dosage of coadministered drugs (including fludarabine, phenytoin and metronidazole), which were collected from the patients’ medical records. The continuous covariates were introduced into the model as Supplementary Equation S7. The categorical covariates were introduced into the model as Supplementary Equation S8. All covariates were introduced into the basic model individually to identify the covariates with statistical significance for the busulfan PK parameters. The significance level was set to 0.05 (df = 1, change in objective function value (OFV) = 3.84). The analysis of potential covariates was further performed using a stepwise procedure based on the changes in OFV. During forward selection, the significance level was set to 0.01 (df = 1, change in OFV = 6.64). During backward elimination, the significance level was set to 0.001 (df = 1, change in OFV = 10.83).
The accuracy and robustness of the final model were evaluated using bootstrap methods, goodness-of-fit plots and prediction-corrected visual predictive checking (pc-VPC). Once the final Pop-PK model was established, it was used to provide estimates of individual busulfan AUC for subsequent evaluations of the relationships with transplantation outcomes.
Correlation Analysis Between Busulfan Area Under the Concentration–Time Curve and Clinical Outcomes
The main study endpoint was event-free survival (EFS), as calculated from the time of transplant until graft failure, relapse of disease, or death, whichever occurred first (Philippe et al., 2016). First, the busulfan AUC was taken as a continuous variable, with a quadratic function to describe the correlation between log (AUC) and the log hazard of an event. The busulfan AUC range corresponding to a negative log hazard of an event was considered the optimum range. Second, the busulfan AUC was evaluated as a categorical variable (within or outside of the optimum range), together with age, weight, sex, disease type, donor source, and HLA disparity, using univariate and multivariate Cox proportional hazards regression models.
The secondary study endpoint was TRTs, including VOD, grade II–IV aGVHD, mucositis and hemorrhagic cystitis. VOD was diagnosed according to the modified Seattle criteria (Dignan et al., 2013), aGVHD was diagnosed and graded according to the Mount Sinai Acute GVHD International Consortium (MAGIC) criteria (Harris et al., 2016), and oral mucositis was evaluated and scored based on the ESMO Clinical Practice Guidelines (Peterson et al., 2015). The cumulative incidence of TRTs was evaluated with graft failure, relapse, and death as competing events. The correlation of TRTs incidence with the busulfan AUC was analyzed using logistic regression. All computations were conducted in R (version 4.1.0) with the survival, survminer, and ezcox R packages. p < 0.05 was regarded as significant.
RESULTS
Patient Characteristics
A total of 467 blood samples obtained from 128 enrolled patients were collected for Pop-PK model development. The patient characteristics and clinical laboratory results for the patients are summarized in Supplementary Table S3. Because samples for genotyping were not available from two patients, the GSTA1 and GSTP1 genotyping results were obtained for 126 patients and are summarized in Supplementary Table S4. Both the GSTA1 and GSTP1 genetic frequencies for the patients were in Hardy–Weinberg equilibrium.
Population Pharmacokinetic Model Development
Among the nine various NFM-dependent CL models examined (Table 1), although the AIC value for the weight-dependent exponential model (Model VI) was the smallest, the larger HILL index value resulted in k1 being approximately equal to 0.769, which was close to the fixed value for the allometric exponent of 3/4 in Model III. Meanwhile, the Fmat parameter introduced in Model III could better predict the effect of body size, physiological function, and body maturity on CL. Therefore, Model III was finally chosen as the basic structural model.
In the initial covariates screening process, the disease status (malignant or nonmalignant), GSTA1, and GSTP1 gene polymorphisms had no statistical significance on the PK parameters of busulfan. During forward selection, the results showed that urea nitrogen (UREA) and γ-glutamyl transpeptidase (GGT) had statistical significance, but the correlation coefficient was 0.244 for UREA on CL and −0.1 for GGT on V, which was inconsistent with physiological function. Therefore, these two covariates were eliminated from the model, and then the final model was established. The potential covariate screening results are shown in Supplementary Table S5.
The parameter estimates of the final model and bootstrap are summarized in Table 2. The final model indicated that the typical population estimates of CL and V were 7.71 L h−1 and 42.4 L, respectively. The value of the fraction of fat mass estimated for CL (Ffat_CL) was 0.692, and that for V was zero. These values indicated that NFM and Fmat were suitable covariates for explaining variability in CL, while FFM was the covariate for explaining variability in V. The BSV values for CL and V were 23.4% and 24.0%, respectively.
TABLE 2 | Final Pop-PK model for busulfan: PK parameter estimates and bootstrap results.
[image: Table 2]The goodness-of-fit plots for the final model are shown in Figure 1. The pc-VPC plot for the final model is shown in Figure 2.
[image: Figure 1]FIGURE 1 | Goodness-of-fit plots for the final model included the following: (A) observed vs. population predicted concentrations, (B) observed vs. individual predicted concentrations, (C) conditional weighted residuals vs. population predicted concentrations and (D) conditional weighted residuals vs. time after the first dose. The red line represents the fitted line.
[image: Figure 2]FIGURE 2 | Final model prediction-corrected visual prediction check (pc-VPC) of busulfan concentration. Observed (with symbols) and predicted 5th, 50th and 95th percentiles, with predicted 95% CIs (shaded regions). The red line represents the observed concentrations, and the black line represents the predicted concentrations.
Correlations Between the Busulfan Area Under the Concentration–Time Curve and Clinical Outcomes
To avoid the variation in busulfan exposure caused by different busulfan administration days, this part of the study only included patients received 16-dose busulfan myeloablative regimen (4 times daily over 4 days). The demographic and transplantation characteristics of the 63 patients are summarized in Table 3. The median busulfan AUC obtained from the Pop-PK model was 1,425.4 µM × min (range 691.5–2156.0 µM × min). With a median follow-up of 24.8 months (6.8–32.8 months), a total of 16 events occurred, including graft failure in 2 patients, disease relapse in 8 patients (four patients died) and 7 patient deaths (one with graft failure and six not related to relapse). The event summary information is listed in Supplementary Table S6.
TABLE 3 | Characteristics of patients treated with the 16-dose busulfan regimen (n = 63).
[image: Table 3]After HSCT, the estimated EFS was 74.5% (95% CI: 64.4–86.1) at 2 years. In the log hazard model, the estimated hazard of events as a function of busulfan AUC suggested the existence of an optimal interval. The model produced an optimum busulfan AUC of 950–1,600 µM × min, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Log hazard risk model for event-free survival calculated as a quadratic function. Dotted lines represent the 95% confidence intervals. AUC, area under the curve.
In the univariate and multivariate Cox regression analyses, the busulfan AUC was identified as the only significant factor for EFS (hazard ratio (HR) 0.32, 95% CI: 0.12–0.86; p = 0.02), as shown by the forest map in Figure 4, while weight, sex, disease type, donor source, and HLA disparity did not affect EFS. Kaplan–Meier curves were used to compare the EFS of patients inside the optimum AUC interval with that of patients outside the interval. Patients with an AUC of 950–1,600 µM × min had 83.7% (95% CI: 73.3–95.5) EFS compared with 55.0% (95% CI: 37.0–81.8) for patients with low (<950 µM × min) or high (>1,600 µM × min) exposure (p = 0.024; Figure 5).
[image: Figure 4]FIGURE 4 | Forest plot of univariate Cox regression analysis for event-free survival (n = 63).
[image: Figure 5]FIGURE 5 | Kaplan–Meier plots of event-free survival in the two groups based on busulfan AUC (n = 63).
Grade II-IV aGVHD developed in 17 (27.0%) patients (grade II in 4 patients, grade III in 6 patients, and grade IV in 7 patients), with a cumulative incidence of 26.98% (95% CI: 15.9–38.1) at 100 days. In the absence of VOD, hepatotoxicity (serum bilirubin) of at least grade 2 until 30 days after transplantation was evaluated and graded according to the Common Terminology Criteria for Adverse Events (v5.0). Hepatotoxicity occurred in 18 patients (grade II in 17 patients and grade III in one patient). The cumulative incidences of hepatotoxicity, oral mucositis (in 10 patients) and hemorrhagic cystitis (in 3 patients) at 30 days posttransplantation were 28.6% (95% CI: 17.3–39.8), 15.9% (95% CI: 6.7–25.0), and 4.8% (95% CI: 0.00–10.1), respectively. The logistic regression analysis results showed no association between these toxicity complications and the busulfan AUC (p > 0.05, Supplementary Figure S1).
DISCUSSION
This study used Pop-PK analysis to characterize the relationships between busulfan exposure and clinical outcomes in Chinese pediatric patients with HSCT. With the developed Pop-PK model and using physiologically-based descriptions of body composition and theory-based allometric principles, CL for busulfan was estimated according to allometry NFM and Fmat, and V was estimated according to FFM. Furthermore, the results demonstrated that an AUC of 950–1,600 µM × min was associated with better EFS in children receiving the 16-dose busulfan regimen before HSCT.
The typical population estimates for busulfan CL and V standardized for an adult patient weighing 70 kg were 7.71 L h−1 and 42.4 L in the final model, respectively. The estimated V was in good accordance with other reports (McCune et al., 2014; Rhee et al., 2017; Nava et al., 2018; Yuan et al., 2021). The estimated CL was slightly lower than that in prior studies from Korea (10.7 L h−1) (Rhee et al., 2017), Caucasian (11.4 and 13.58 L h−1) (McCune et al., 2014; Nava et al., 2018) and Chinese (11.08 L h−1) (Yuan et al., 2021) pediatric patients. However, in a recently published study (Dunn et al., 2021), the typical CL for a 20 kg child was 1.14 L h−1, which were reduced estimates compared to ours and prior studies. These discrepancies in CL might be due to published models contain various structural PK models, various covariates, different age distributions and ethnicities (Huang et al., 2022).
It is well-known that body weight, age and body surface area (BSA) have significant impacts on busulfan PK in pediatric patients (Nguyen et al., 2004; Booth et al., 2007; Trame et al., 2011; Bartelink et al., 2012; Savic et al., 2013; McCune et al., 2014; Wang et al., 2015; Rhee et al., 2017). NFM, a theory-based size descriptor that divides body weight into FFM and fat mass, was used to estimate the effect of body size and composition on busulfan PK in infants to adults (McCune et al., 2014; van Hoogdalem et al., 2020). In the present analysis, nine models were proposed to characterize the PK of busulfan by introducing the NFM parameter. In the final model, 69.2% fat mass in addition to FFM described CL for busulfan, whereas the Ffat was zero for V. As proposed by McCune et al., the fraction of the fat mass was 50.9% for CL and 20.3% for V (McCune et al., 2014). The different fractions of fat mass may be caused by the different age distributions in the different study groups. In McCune et al. (2014) study, infant and adult patients were included, with a wide age range (0.1–65.8 years). All patients included in the present study were children, with an average age of 6.1 years (0.6–17 years). The maturation of CL is more appropriately described by PMA than by postnatal age because the maturation of CL begins before birth (Anderson and Holford, 2009). The PMA was calculated by adding postnatal age to gestational age. In the current study, the maturation of the busulfan CL reached 50% of adult values at 31 weeks of PMA, considering body composition, which was lower than in another study (TM50 = 45.7) (McCune et al., 2014). In our cohort, the actual gestational ages of the patients were recorded, whereas, in McCune et al. (2014) study, the values were assumed to be 40 weeks due to missing information. This might be the reason for the bias. In two recent Pop-PK studies of busulfan based on Chinese pediatric patients, BSA was considered one of the significant covariates for CL in the model developed by Yuan et al. (2021). Huang et al. (2022) conducted a systemic external evaluation of 11 published models of busulfan based on an independent dataset from 40 Chinese pediatric populations and similarly concluded that a model developed from the Korean population with BSA affecting CL as one of the covariates had the most satisfactory predictability for Chinese children (Huang et al., 2022). Based on children’s growth and developmental characteristics, CL in the pediatric population should be investigated using models that account for the influences of body size, maturation, and organ function. Allometric scaling using an empiric power exponent of 3/4 is superior to scaling using BSA, which has already been described by Anderson and Holford (Anderson and Holford, 2009).
After including body composition and maturation in the model, several other potential covariates (including disease type, concomitant medications, hematological and biological indicators, and genetic variants of GSTA1 or GSTP1) had no significant effect on busulfan PK. The guideline from the American Society for Blood and Bone Marrow Transplantation (ASBMT) stated that fludarabine, deferasirox, and metronidazole have an impact on IV busulfan CL. The effect of phenytoin on IV busulfan CL is unclear, although it is known to affect oral busulfan CL (Palmer et al., 2016). However, none of these three drugs were found to have an effect on IV busulfan PK in the present study. This finding was consistent with the results of a recent report, which showed that children with HSCT did not experience significant effects on busulfan CL when coadministered with drugs that could theoretically interfere with busulfan metabolism (Dunn et al., 2021). Busulfan is mainly metabolized and eliminated by the liver. Elevated alanine transaminase (ALT) and aspartate transaminase (AST) levels are indicative of potential liver damage, thus affecting the elimination of busulfan. Two cohorts of Asian pediatric patients showed that increased AST levels affected busulfan CL (Rhee et al., 2017; Yuan et al., 2021). However, ALT or AST enzymes were not found to be significant covariates with busulfan CL in the present study, which is in line with another report on pediatric Fanconi anemia patients (van Hoogdalem et al., 2020). This might be explained by the fact that only a few cases (7 cases) of our children had both abnormally high ALT and AST levels. In the study by Bartelink et al. (2012), it was also shown that neither biochemical parameters nor blood counts could predict individual variability (Bartelink et al., 2012). The influence of GST gene polymorphisms on busulfan CL remains controversial (Kim et al., 2019). However, the present study and other modeling studies failed to incorporate the genetic variants of GSTA1 and GSTP1 as covariates into the final model (Zwaveling et al., 2008; Sun et al., 2020). Models established in pediatric populations could suggest that a validated pharmacogenetics-based Pop-PK model would be a beneficial tool for individualized busulfan administration (Nava et al., 2017; Nava et al., 2018; Yuan et al., 2021).
The AUC 900–1,350 µM × min or 900–1,500 µM × min has been widely used as a target busulfan exposure to improve clinical outcomes in children with HSCT (Bolinger et al., 2001; Ansari et al., 2014; Philippe et al., 2016). A recent report showed that Chinese children with a target exposure of 900–1,350 µM × min also had a better survival outcome (Shao et al., 2022). In the present study of 63 children on a 16-dose busulfan pretreatment regimen, we found that patients with an AUC of 950–1,600 µM × min achieved optimal EFS, which is slightly higher than the target exposure recommended by the FDA or EMA dosage regimens for children. A previous retrospective study conducted by Bartelink et al. (2009) suggested that a total AUC of 74–82 mg h L−1 (∼AUC 1125–1,250 µM × min per dose) was associated with the highest EFS in children with malignant and nonmalignant diseases (Bartelink et al., 2009). A multicenter study from 15 different transplantation centers defined that the optimum cumulative AUCs of 78–101 mg h L−1 (∼AUC 1225–1,575 µM × min per dose) predicted higher EFS in children and young adults than those in lower- and higher-exposure groups (Bartelink et al., 2016). This upper threshold of 1,575 µM × min is generally consistent with 1,600 µM × min in this study, showing that this threshold is safe and associated with low toxicity. Notably, Ansari et al. indicated that Css >600 ng ml−1 (∼AUC >900 µM × min) was independently associated with lower EFS by multivariate analysis (Ansari et al., 2014). Benadiba et al. (2018) also observed reduced EFS in patients with Css >600 ng ml−1 compared with patients with Css <600 ng ml−1 in children with myeloid malignancies receiving unrelated umbilical cord blood transplantation (Benadiba et al., 2018). The differences in the optimal exposure of busulfan between these studies may be influenced by multiple factors, including age, donor source, disease diagnosis, and other myeloablative agents included in the preparative regimen (Bartelink et al., 2016; Shukla et al., 2020). Despite the bias, these findings suggest that busulfan exposure is strongly associated with clinical outcomes in children and that establishing an optimal target exposure is warranted.
No significant correlations between busulfan AUC and TRTs were identified in the current analysis. This is consistent with the findings reported in a recent study in a Chinese pediatric population. This literature showed that busulfan exposure could not be used to predict VOD, liver injury, grade II-IV aGVHD, hemorrhagic cystitis or oral mucositis after multivariate analyses (Shao et al., 2022). As early as 30 years ago, the busulfan AUC of 1,500 µM × min was considered the upper threshold because higher exposure was associated with an increased risk of VOD in adults (Grochow et al., 1989). For safety reasons, this threshold was also used in pediatric patients, although this correlation remains controversial according to previous studies using IV busulfan in children (Bartelink et al., 2009; Malär et al., 2011; Ansari et al., 2014; Philippe et al., 2016). Since all patients in the current cohort did not have VOD, the association between high busulfan exposure and VOD could not be established. A previous study done by Philippe et al. reported that all children who developed VOD had a busulfan AUC of <1,500 µM × min (Philippe et al., 2016). In another large cohort, also by Philippe et al. (2019), which specifically looked at the determinants of VOD, an increased risk of VOD was observed in children with a maximum busulfan concentration (Cmax) value of ≥1.88 ng ml−1 (Philippe et al., 2019). In addition to the high busulfan exposure, several other factors, such as underlying disease, genetic polymorphisms, iron overload, hepatic fibrosis or cirrhosis, influence the incidence of VOD (Dignan et al., 2013; Philippe et al., 2019). At present, the correlation between aGVHD and busulfan exposure is not clear, and conflicting results exist. Some studies have shown that higher busulfan exposure was associated with a higher incidence of grade II-IV aGVHD (Bartelink et al., 2009; Ansari et al., 2014); however, other researchers have found that the risk of aGVHD increased with low exposure (Russell et al., 2013). Similar to our study, some previous investigations found no association between busulfan exposure and grade II-IV aGVHD in children (Baker et al., 2000; Shao et al., 2022). Although a previous study showed a positive correlation between busulfan AUC and the severity of stomatitis in children (Michel et al., 2012), the correlation was not found in this study, which was also consistent with other studies (Bartelink et al., 2009; Ansari et al., 2014). Several studies have emphasized that the combined use of melphalan may increase the risk of stomatitis because melphalan is metabolized by the same enzyme system as busulfan (Bartelink et al., 2009; Michel et al., 2012). Although one study showed that the cumulative incidence of hemorrhagic cystitis was higher for patients with a Css >600 ng ml−1 compared to patients with Css <600 ng ml−1 (Benadiba et al., 2018), this correlation was not observed in our study and another study (Ansari et al., 2014). These differences may be explained by different populations and conditioning regimens. Other factors must be further studied to identify patients at risk for such toxicities.
However, the present study has several limitations. It included a limited number of patients from a single center. The predictive performance of the final Pop-PK model has yet to undergo external validation. Moreover, several other genetic covariates for busulfan PK have not been assessed in the present analysis, such as the GSTM1-null and CYP39A1 genotypes, which were found in association with busulfan PK (Ten Brink et al., 2013; Ansari et al., 2017). In addition, other factors might have affected clinical outcomes, such as the disease grading and remission status of malignant disease before transplantation, GVHD prophylaxis regimens before and after transplantation could not be included in the present analysis (Bartelink et al., 2016). A multicenter trial is ongoing (ClinicalTrials.gov: NCT04786002), aiming to establish the optimal busulfan treatment window for myeloablative conditioning in Chinese pediatric patients and confirm our preliminary results.
CONCLUSION
In conclusion, the final Pop-PK model established in the current study shows that allometric FFM, Ffat and Fmat can describe the variability in busulfan CL in pediatric patients and that FFM can be used to describe the variability in V, while fat mass has no correlation with V. The result of the present study suggests that busulfan exposure (an AUC of 950–1,600 µM × min) was associated with better EFS in children receiving a 16-dose busulfan myeloablative conditioning regimen before HSCT. The performance of the present Pop-PK model and the preliminarily established target busulfan exposure need to be further validated in prospective studies with larger samples.
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Background: A high prevalence of infantile-onset Pompe disease (IOPD) in the Chinese population has been noted, but there are currently no reported clinical trials of enzyme replacement therapy (ERT) for IOPD in this population. The purpose of this study was to evaluate the efficacy and safety of alglucosidase alfa in Chinese patients with IOPD.
Materials and Methods: A multicentre, single-arm, prospective, open-label clinical trial was performed at 4 sites in China. Eligible Chinese subjects with IOPD received an infusion of alglucosidase alfa at a dose of 20 mg/kg every 2 weeks for up to 52 weeks. The primary endpoints of clinical efficacy were the survival rate and changes in the left ventricular mass index (LVMI). The safety assessment was based on the incidence of adverse events (AEs).
Results: A total of 10 eligible subjects were enrolled in the study. The mean age at the start of ERT was 5.36 ± 1.56 months. Nine subjects had survived after 52 weeks of treatment. One subject discontinued the study and died after mechanical ventilation was withdrawn. The intent-to-treat analysis demonstrated that the survival rate was 90.0% (95% confidence interval: 55.5–99.7%). The mean LVMI at week 52 was 70.59 ± 39.93 g/m2 compared to that of 298.02 ± 178.43 g/m2 at baseline, with a difference of -227.60 ± 155.99 g/m2. All subjects had left ventricular mass (LVM) Z scores >10 at baseline, and eight subjects (80%) achieved Z scores <5 at week 52. No treatment-related AEs were observed, and no AEs led to the discontinuation of treatment.
Conclusions: This clinical trial is the first study of ERT for IOPD in China, indicating that alglucosidase alfa has favourable efficacy and safety for the treatment of Chinese patients with IOPD (ClinicalTrials.gov number, NCT03687333).
Keywords: Pompe disease, glycogen storage disease type II, enzyme replacement therapy, alglucosidase alfa, survival rate, left ventricular mass index
INTRODUCTION
Pompe disease, also called acid maltase deficiency or type II glycogen storage disease, is a rare, autosomal recessive, but lethal metabolic myopathy caused by mutations in the gene coding for acid alpha-glucosidase (GAA), the enzyme that decomposes glycogen in the lysosome (Kohler et al., 2018). With GAA deficiency, a lysosomal accumulation of glycogen develops in multiple tissues, with skeletal and cardiac muscles being the most severely affected.
Two categories of Pompe disease, namely, infantile-onset Pompe disease (IOPD) and late-onset Pompe disease (LOPD), are recognized according to the age of symptom onset and the occurrence of cardiomyopathy. Classic IOPD is the most severe form of Pompe disease, which is characterized by an age of onset of less than 12 months, rapidly progressive hypertrophic cardiomyopathy and respiratory distress (Kishnani et al., 2006b; van den Hout et al., 2003). Most untreated IOPD patients cannot survive beyond 1 year of age (Kishnani et al., 2006b). In contrast, LOPD manifests after 12 months of age and generally lacks significant cardiac involvement. The incidence of Pompe disease appears to vary by ethnicity and geographic region. The estimated frequency of IOPD is approximately 1 in 100,000; higher frequencies of the infantile-onset form have been reported in some populations, including African Americans (approximately 1 in 14,000) and persons with Chinese ancestry (1 in 50,000 to 1 in 40,000) (Hirschhorn R, 2001).
Enzyme replacement therapy (ERT) using recombinant human GAA (rhGAA) has changed the natural course of Pompe disease. The lifespan of infants with IOPD has been significantly extended. Sustained and striking cardiac improvement has been observed in the majority of patients(Kishnani et al., 2007). The safety and efficacy of alglucosidase alfa have been demonstrated in a number of clinical trials (Kohler et al., 2018); however, these trials did not include Chinese patients.
rhGAA has been approved in the USA and Europe since 2006, and in China since 2015, since the National Medical Products Administration in China considered it to be urgently needed in clinical practice. Here, we report the results of a multicentre prospective study of alglucosidase alfa in China, which was the first clinical trial to evaluate the efficacy and safety of alglucosidase alfa in Chinese patients with IOPD.
MATERIALS AND METHODS
Study Design
This study was conducted in accordance with consensus ethics principles derived from international ethics guidelines, including the Declaration of Helsinki, the International Conference on Harmonization guidelines for Good Clinical Practice, and all applicable laws, rules, and regulations. The protocol and its amendments were reviewed and approved by independent ethics committees and/or institutional review boards.
This was a multicentre, single-arm, prospective, open-label clinical trial to assess the efficacy and safety of a 52-week treatment with alglucosidase alfa (Myozyme®) in subjects with IOPD at 4 sites (Shanghai Children’s Medical Center, Xinhua Hospital Affiliated to Shanghai Jiao Tong University School of Medicine, Shenzhen Children’s Hospital, and Qingdao Women and Children’s Hospital) in China. The eligible subjects with IOPD received an infusion of alglucosidase alfa at a dose of 20 mg/kg every 2 weeks for up to 52 weeks. Subjects received treatment with alglucosidase alfa for 52 weeks or withdrew due to intolerable side effects of the study drug or death, whichever came first. Since GAA protein levels are unable to be detected in China, a negative cross-reactive immunologic material (CRIM) status was rapidly inferred by gene mutation analysis. Any patient who carried 2 predicted null alleles was considered CRIM-negative (Bali et al., 2012). The null allele is a nonsense or frameshift mutation resulting in a premature termination codon in any exon but the last or multiexon deletion. If a patient had at least one missense mutation, he or she was considered CRIM-positive. For patients whose CRIM status was inferred to be negative by gene mutation, an immune tolerance induction (ITI) regimen including rituximab, methotrexate, and intravenous immune globulin was recommended concomitantly with ERT (Mendelsohn et al., 2009; Messinger et al., 2012; Banugaria et al., 2013; Kazi et al., 2017).
IOPD is a rapidly fatal disorder, and several clinical trials have shown that treatment with alglucosidase alfa can improve survival, cardiac and respiratory function, growth, and motor development in severely affected infants(Kishnani et al., 2007; Nicolino et al., 2009; Kishnani et al., 2006b). It was considered unethical to include a placebo group as part of the study design. Thus, no control group was applied for this study.
Patients
All eligible patients had a confirmed diagnosis of IOPD with the documented onset of Pompe disease symptoms up to 12 months of age (corrected for gestation if born before 40 weeks) and a diagnosis of Pompe disease confirmed by GAA enzyme deficiency from any tissue source and GAA gene mutations. The pathogenicity of mutations was determined according to the Pompe disease GAA variant database (https://www.pompevariantdatabase.nl). The exclusion criteria were patients who had previously been treated with GAA, patients who were participating in another clinical study using any investigational therapy, patients with conditions/situations such as clinical signs of cardiac failure with a left ventricular ejection fraction (LVEF) < 40%, respiratory insufficiency (O2 saturation <90% or CO2 partial pressure >55 mm Hg [venous] or >40 mm Hg [arterial] in room air or with any ventilator use), patients who were dependent on invasive or noninvasive ventilator support, patients with major congenital anomalies or clinically significant intercurrent organic diseases unrelated to Pompe disease, patients who were not suitable for participation, regardless of the reason, as judged by the investigator, including those with medical or clinical conditions, and patients who were potentially at risk of noncompliance with the study procedures. The dates for the first eligible subject enrolled and last eligible subject to complete the study were December 4, 2018, and December 30, 2020, respectively.
Assessments of Clinical Efficacy
The primary endpoints of clinical efficacy were the survival rates and changes from baseline in the left ventricular mass index (LVMI) at 52 weeks of treatment. The secondary endpoints were survival free of invasive ventilator use at 52 weeks of treatment; survival free of any ventilator use at 52 weeks of treatment; physical growth (change from baseline at week 52 regarding length and weight); the number of motor development milestones achieved at week 52 and changes from baseline; changes from baseline in the GESELL Developmental Scale score at week 52; and the proportion of subjects with signs and/or symptoms of cardiac failure at week 52.
Safety Assessments
Safety was evaluated in terms of adverse events (AEs) reported by the caregiver or noted by the investigator. Clinical and laboratory safety assessments included clinical haematology, chemistry, and urinalysis assessments. Other safety endpoints included vital signs (body temperature, heart rate, respiratory rate, and blood pressure), physical examinations, and electrocardiograms.
Statistical Analysis
Available clinical parameters and demographics were described. Efficacy and safety were analysed in the intent-to-treat (ITT) population defined as all patients treated with alfa glucosidase. At the end of the study, the proportion of subjects who were alive was calculated, and the changes in LVMI and LVM Z scores from baseline were analysed. The number of subjects who were alive independent of an invasive ventilator or any ventilator, physical growth, the number of motor development milestones achieved, motor development gains (GESELL Developmental Scale), and the proportion of patients with signs/symptoms of heart failure at each visit were calculated or statistically described. The safety assessment was based on the incidence of AEs.
RESULTS
Patient Characteristics
A total of 10 subjects were enrolled in the study, and all subjects (100.0%) were included in the ITT population and safety population. The mean age at the start of ERT was 5.36 ± 1.56 (range from 1.5 to 7.4) months. Of the 10 subjects, four (40.0%) were male and six (60.0%) were female; all subjects were predominantly of Asian descent (100.0%), and nine subjects (90.0%) were of Han nationality. Seven subjects (70%) had a medical history other than IOPD, and one subject (10%) had a surgical history. The average length and weight of all subjects were 65.16 ± 6.31 cm and 5.76 ± 1.02 kg, respectively. The mean age at disease onset was 4.2 ± 1.48 months. Various GAA gene mutations were found in the subjects, including missense, nonsense, insertion, splicing, and duplication mutations. The most frequent mutation observed in our study was c.1935C > A, with four out of ten patients having this mutation. Nine subjects (90%) had a CRIM-positive status, and one (10%) subject had a negative status. The mean LVMI and LVEF were 298.02 ± 178.43 g/m2 and 57.97 ± 13.32%, respectively. No subject was dependent on a ventilator at the beginning of this study. The baseline characteristics of the study subjects are shown in Table 1.
TABLE 1 | Baseline characteristics of 10 Chinese patients with infantile-onset Pompe disease.
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Survival Rate and Ventilator Independence
In the ITT population, among all 10 patients, nine subjects survived, and one subject died. The survival rate was 90.0%, and the 95% confidence interval (CI) was 55.5–99.7%. The subject who died (Patient 0101 in Table 1) was the only CRIM-negative subject in this study. She suffered from respiratory failure and received invasive mechanical ventilation for nearly one month. She was withdrawn from the study when her family members signed to stop all treatment and died after mechanical ventilation was withdrawn.
Invasive or noninvasive ventilator dependency was continuously monitored during this study. In the ITT population, one subject (Patient 0101 in Table 1) used an invasive ventilator during this study, as described above. Another subject had been supported temporarily by a noninvasive ventilator at week 2. The remaining eight subjects did not use any ventilators. At the end of the study, all nine survivors were free from the use of any ventilators. Thus, the survival rate was 100% (n = 9; 95% CI: 66.4–100%) in the subjects who did not use any invasive ventilators and 100% (n = 8; 95% CI: 63.1–100%) in the subjects who did not use any ventilators at week 52 (Table 2).
TABLE 2 | Survival under different ventilation conditions at week 52.
[image: Table 2]Cardiac Improvement
At baseline, all 10 subjects (100%) were found to have left ventricular hypertrophy (abnormally elevated LVMI scores and LVM Z scores >2). The mean LVMI of the subjects decreased steadily from baseline over the study period. The mean LVMI was 70.59 ± 39.93 g/m2 at week 52 compared to that of 298.02 ± 178.43 g/m2 at baseline, and the difference was −227.60 ± 155.99 g/m2 (Figure 1). The Z score of the LVM also improved gradually. The mean LVM Z score was 16.63 ± 5.17 at baseline and 4.30 ± 2.78 at week 52 (Figure 2). Compared to 100% of subjects with LVM Z scores >10 at baseline, eight subjects (80%) had LVM Z scores <5, with one subject (10.0%) having an LVM Z score <2 at week 52. Before she passed away, the LVM Z score of the subject who died decreased from 12.22 at baseline to 8.90 at week 8, suggesting the effect of the treatment.
[image: Figure 1]FIGURE 1 | LVMI changes from baseline echocardiography by visit. Data are presented as the mean ± SD. LVMI: left ventricular mass index.
[image: Figure 2]FIGURE 2 | LVM Z score changes from baseline echocardiography by visit. Data are presented as the mean ± SD. LVM: left ventricular mass.
During the study, two subjects (20.0%) at week 4 and one subject (10.0%) at week 8 had signs and/or symptoms of cardiac failure. No subject exhibited any signs and/or symptoms of cardiac failure at week 52.
Physical Growth and Other Developments
Overall, the length and weight of the subjects increased in this study. The mean baseline length and weight were 65.16 ± 6.31 cm and 5.76 ± 1.02 kg, respectively. At week 52, the differences in length and weight from baseline were 12.66 ± 4.68 cm and 2.69 ± 0.75 kg, respectively. Age-equivalent weight and length values were also analysed. At baseline, nine (9/10, 90.0%) and seven (7/10, 70.0%) patients had lengths/weights above or equal to the 3rd percentile of their age-appropriate lengths/weights, respectively. At week 52, there were seven subjects (7/10, 70%) whose length was greater than or equal to the 3rd percentile. In terms of weight, five subjects (5/10, 50%) reached standard weight-for-age percentiles.
In the ITT population, all subjects obtained new motor development milestones during the treatment. At baseline, six subjects (6/10, 60%) presented at least one of the following motor development milestones: five subjects could hold their head up, one subject could bear weight on their legs, one subject could roll, and one subject could sit with support. At week 52, all nine survivors achieved one or more motor development milestones: all subjects could hold their head up and sit with support, eight subjects could roll over, seven subjects could sit without support, three subjects could bear weight on their legs, three subjects could walk with support, two subjects could pull to stand, one subject could walk without support, and one subject could walk up steps. No subject ever learned to run or walk down steps during the treatment period. At baseline, the number of motor development milestones achieved was 0.8 ± 0.92, compared to that of 4.8 ± 1.99 at week 52, with a difference of 3.9 ± 1.62.
The measured mature month ages for motor, adaptive (cognitive), language, and personal-social behaviours based on the GESELL Developmental Scale increased during the trial. The mean changes from baseline were 5.87 ± 3.68, 8.50 ± 3.26, 6.82 ± 3.05, and 8.73 ± 3.11 at week 52, respectively.
Safety
In the safety population, at least one AE was reported for each subject. All AEs identified in this study were treatment-emergent adverse events (TEAEs), and at least one serious treatment emergent adverse event (SAE) was reported for nine subjects (90%). The most commonly reported SAEs (≥20%) were pneumonitis (60.0%; n = 6), followed by pneumonia (30.0%; n = 3), respiratory tract infection (20.0%; n = 2), gastroenteritis rotavirus (20.0%; n = 2) and bronchitis (20.0%; n = 2). No SAEs were related to the study drug, and the outcome of most SAEs was recovered or resolved. No SAEs led to discontinuation from the study. The infusion-associated reactions, such as rash, fever, and urticaria, were not common. In our study, one subject (Patient 0101 in Table 1) with a predicted CRIM-negative status had an AE (asphyxia) leading to death, which was unrelated to the study drug.
DISCUSSION
In this first clinical trial for Chinese patients with IOPD, we report that 90.0% (9/10) of the patients who received alglucosidase alfa at a dose of 20 mg/kg every 2 weeks from the age of 1.5–7.4 (5.36 ± 1.56) months had survived after 52 weeks of treatment. In contrast, a multinational study of the natural course of IOPD showed that just a few percent (25.7%) of patients without treatment are able to survive beyond one year of age (Kishnani et al., 2006a). In our previous study of the clinical course of IOPD, 17 untreated Chinese patients died at a median age of 8.2 months. Only two of them survived beyond one year of age (Fu et al., 2014). Chen et al investigated the clinical outcomes of 25 Chinese patients with IOPD. Only one patient receiving ERT survived beyond the age of two years. Of the remaining 24 patients who were not treated with ERT, all but one patient died at a median age of 8.3 months (Chen et al., 2017). Our current study clearly demonstrated the ability of alglucosidase alfa to change the natural course of disease in Chinese IOPD patients and extend their lifespans. This finding is similar to the results of a US clinical trial of ERT for IOPD in which a 52-week alglucosidase alfa treatment reduced the risk of death by 99% compared to the untreated historic cohort (Kishnani et al., 2007).
Cardiac and respiratory failure is the main cause of death in the absence of treatment for IOPD patients. Most subjects (90%) in this study survived independent of the use of invasive ventilators and any other ventilators after 52 weeks of treatment, although one subject needed a noninvasive ventilator and one subject needed an invasive ventilator during the study. The ventilator-free survival rate by the end of the 52-week treatment period was higher than that (66.7%) in the US clinical trial mentioned above (Kishnani et al., 2007). In our trial, a remarkable improvement in cardiac status was observed after ERT therapy. One hundred percent of the surviving subjects had no symptoms or signs of cardiac failure at the end of the clinical trial, which likely contributed to the increased survival rates observed in this study. Moreover, the mean LVMI and LVM Z scores of the ITT population gradually decreased during treatment. Eight subjects (80%) achieved an LVM Z score <5, and one subject (10%) had a Z score <2 after 52 weeks of alglucosidase alfa administration. In comparison, Nicolino et al reported that more than half of IOPD patients (57%, 12/21) attained a normal LVM score (Z score <2) with a median treatment duration of 120 weeks (Nicolino et al., 2009). The difference in the regression of cardiac hypertrophy observed in the two studies may be attributed to the different durations of ERT therapy. Long-term alglucosidase alfa treatment will lead to further improvements in left ventricular hypertrophy in patients with IOPD.
For untreated IOPD patients, physical growth and motor development are severely delayed, and major developmental milestones, such as rolling over, sitting or standing, are not generally achieved. Among the 18 patients in the US clinical trial, 15 maintained normal physical growth, 13 had consistent motor and functional gains, and all acquired cognitive, language, and personal/social development skills during the 52-week treatment period (Kishnani et al., 2007). In our study, a total of 3.9 ± 1.62 motor development milestones were achieved at 52 weeks compared with the baseline. At week 52, the length and weight of the patients increased from baseline by 12.66 ± 4.67 cm and 2.69 ± 0.75 kg, respectively. Seven subjects (70%) and five subjects (50%) remained in percentiles greater than or equal to the 3rd percentile at the end of the study. Although our findings for length and weight were lower than those of previous studies, the length and weight of the subjects showed the same increasing trends as those reported in the published literature (Kishnani et al., 2007; Nicolino et al., 2009). In this study, the GESELL Developmental Scale was used to evaluate the functional skills of IOPD patients, which indicated remarkable progress in comprehensive development after alglucosidase alfa treatment. Taken together, the secondary points achieved in our study were similar to those of the US clinical trial.
At least one TEAE was observed for each subject in this study, such as vomiting, otitis media, pneumonia, and upper respiratory tract infection. However, the majority of AEs reported in previous studies were related to rhGAA intravenous infusion, such as rash, fever, and urticaria (Kishnani et al., 2007; Nicolino et al., 2009), which were not common in our study. This might be attributed to the pretreatment with 5 mg of dexamethasone 30 min prior to the infusion of alglucosidase alfa in the majority of patients in our cohort. No treatment related TEAEs were observed in our study, and no AEs led to the discontinuation of treatment, indicating the good tolerability and good safety of alglucosidase alfa administration. One patient died in our study; this patient was predicted to have a CRIM-negative status. Owing to a complete inability to generate native enzymes, CRIM-negative patients are more likely to develop high and sustained anti-rhGAA IgG antibody titers, rendering ERT ineffective (Kishnani et al., 2010; Banugaria et al., 2011; Berrier et al., 2015). Identifying CRIM status is crucial before initiating ERT because ITI has been found to be effective in CRIM-negative patients before or shortly after the start of ERT (Bali et al., 2012). A patient is designated to be CRIM-negative if the GAA protein is undetectable (Kishnani et al., 2010). Unfortunately, CRIM status cannot be tested in China. Bali et al. determined that types of GAA gene mutations are well associated with the levels of GAA protein. Most CRIM-negative patients have two null alleles (frame shift, nonsense, and multiexon deletions), resulting in the lack of production of the GAA protein (Bali et al., 2012). The only patient (Patient 0101 in Table 1) who died in this study had a frameshift mutation (c.258dupC, p. Asn87Glnfs*9) and a nonsense mutation (c.1987C > T, p. Gln663*) in the GAA gene, causing two null alleles. This patient’s CRIM status was accordingly predicted to be negative. ITI with methotrexate, rituximab, and intravenous immunoglobulin was administered for this patient, followed by ERT. However, ERT did not produce the expected effects in this patient. Very recently, Li et al reported that in CRIM-negative IOPD patients treated with ITI + ERT, the clinical outcomes of the early group (treatment initiation at age ≤4 weeks) were much better than those of the intermediate group (treatment initiation at age >4 and ≤15 weeks) and late group (treatment initiation at age >15 weeks) (Li et al., 2021). In the intermediate group and late group, 66% (10/15) of the patients needed a breathing device during the treatment. This investigation indicates that the age at ITI + ERT treatment initiation markedly impacts the clinical outcomes of CRIM-negative IOPD patients. The CRIM-negative patient in our study was older than 15 weeks at initial treatment, which might be the reason why the patient did not achieve the expected outcome even after receiving ITI + ERT therapy. This highlights the significance of the early recognition of IOPD patients and the early application of ITI + ERT in CRIM-negative patients.
Since it received approval in Europe and the USA in 2006, alglucosidase alfa has shown good efficacy, safety, and tolerability in IOPD patients. However, data to evaluate the efficacy, safety, and tolerability of alglucosidase alfa for Chinese IOPD patients were not available until the current study was performed. Our clinical trial is the first study of ERT in China, and it demonstrated that alglucosidase alfa has favourable efficacy and safety for treating Chinese patients with IOPD.
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Background: Drug-induced coagulopathy (DIC) is a severe adverse reaction and has become a significantly increased clinical problem in children. It is crucial to the detection of the DIC safety signal for drug post-marketing scientific supervision purposes. Therefore, this study aimed to detect potential signals for DIC in children using the routine electronic medical record (EMR) data.
Methods: This study extracted EMR data from Beijing Children’s Hospital between 2009 and 2020. A two-stage modeling method was developed to detect the signal of DIC. We calculated the crude incidence by mining cases of coagulopathy to select the potential suspected drugs; then, propensity score-matched retrospective cohorts of specific screened drugs from the first stage were constructed and estimated the odds ratio (OR) and 95% confidence interval (CI) using conditional logistic regression models. The current literature evidence was used to assess the novelty of the signal.
Results:In the study, from a total of 340 drugs, 22 drugs were initially screened as potentially inducing coagulopathy. In total, we identified 19 positive DIC associations. Of these, potential DIC risk of omeprazole (OR: 2.23, 95% CI: 1.88–2.65), chlorpheniramine (OR:3.04, 95% CI:2.56–3.60), and salbutamol sulfate (OR:1.36, 95% CI:1.07–1.73) were three new DIC signals in both children and adults. Twelve associations between coagulopathy and drugs, meropenem (OR: 3.38, 95% CI: 2.72–4.20), cefoperazone sulbactam (OR: 2.80, 95% CI: 2.30–3.41), fluconazole (OR: 2.11, 95% CI: 1.71–2.59), voriconazole (OR: 2.82, 95% CI: 2.20–3.61), ambroxol hydrochloride (OR: 2.12, 95% CI: 1.74–2.58), furosemide (OR: 2.36, 95% CI: 2.08–2.67), iodixanol (OR: 2.21, 95% CI: 1.72–2.85), cefamandole (OR: 1.82, 95% CI: 1.56–2.13), ceftizoxime (OR: 1.95, 95% CI: 1.44–2.63), ceftriaxone (OR: 1.95, 95% CI: 1.44–2.63), latamoxef sodium (OR: 1.76, 95% CI: 1.49–2.07), and sulfamethoxazole (OR: 1.29, 95% CI: 1.01–1.64), were considered as new signals in children.
Conclusion: The two-stage algorithm developed in our study to detect safety signals of DIC found nineteen signals of DIC, including twelve new signals in a pediatric population. However, these safety signals of DIC need to be confirmed by further studies based on population study and mechanism research.
Keywords: drug-induced coagulopathy, children, signal detection, electronic health records, post-marketing pharmacovigilance, drug scientific supervision
1 INTRODUCTION
Drug-induced coagulopathy (DIC) is an adverse drug reaction (ADR) that manifests as derangement of hemostasis and is a significantly under-recognized clinical problem, especially in surgical patients (Peralta et al., 2019); 7.2 out of 100 patients taking anticoagulants require management for DIC (Nalezinski, 2022). The prothrombin time (PT) or the activated partial thromboplastin time (APTT) is usually longer than the upper limits of normal (Hiensch and Lee, 2021); therefore, DIC can often lead to abrupt and excessive bleeding complications and even death (Hiensch and Lee, 2021). Early identification and timely correction of DIC in surgical patients or emergency department patients with significant bleeding are paramount to prevent death and other consequences of hemorrhage (Liu et al., 2019). It has been reported that many kinds of medications, including vitamin K antagonists, direct oral anticoagulants, and antibiotics, could lead to DIC in the adult population (Zengotita and Holt, 1986; Hall and Carson, 2012; Liu et al., 2019). However, the current pediatric drug safety landscape, including clinical trials, is limited as it rarely includes children and relies on extrapolation from adults. Children have immature organ function and a different spectrum of diseases compared with adults, and it is proposed that pediatric drug safety should comprehensively consider children’s systems biology (Giangreco et al., 2022). Hence, accurate methods for post-marketing drug safety surveillance and signal detection of DIC in children are urgently needed.
Considering the limitation of the passive surveillance system using spontaneous reporting system databases such as the FDA Adverse Event Reporting System (FAERS) and EudraVigilance, ADR active surveillance using real-world data (RWD), electronic medical records (EMR) for instance, has opened a new era in pharmacovigilance (Lee et al., 2020). The depth and breadth of clinical data within EHR systems paired with innovative data-mining methods can be leveraged to detect novel drug safety signal, especially the off-label drug use that often occur in pediatric patients (Rudin et al., 2020). Several studies have been conducted to develop methods for detecting signals of hematological disorders using RWD databases (Fuzier et al., 2013; Nie et al., 2021). However, these studies mainly focused on adult patients, and, to date, little is known about children.
This study aimed to develop a two-stage procedure to detect signals of DIC in the child population using EMR data and provide candidate drugs for further precise drug monitoring and precision medicine in pediatrics.
2 METHOD
The study was conducted in accordance with the Declaration of Helsinki. The protocol was approved by the Institutional Review Board (IRB) of Beijing Children’s Hospital, Capital Medical University (approval number: 2018-129), with a waiver of informed consent. All the data we used have been de-identified to protect patient privacy and confidentiality. This study was reported critically according to the RECORD-PE statement.
2.1 Data Sources
This retrospective cohort study was conducted using data on hospitalized patients in Beijing Children’s Hospital (BCH) longitudinal inpatient database from 1 January 2009 to 31 December 2020, which has been described previously (Nie et al., 2021). These data encompassed health information including medical orders of doctors, diagnosis records from hospital information systems, laboratory tests from laboratory information systems, and drug prescriptions. If a person with the same patient ID had multiple hospital admissions, we identified these records as different records. Therefore, there were approximately 5,75,965 records of inpatients under 18 years of age.
2.2 Study Population Identification
Eligible participants were hospitalized patients aged 28 days to 18 years old and had at least two times laboratory test records of any of the two kinds of main coagulation function index for PT or APTT as well as drug prescriptions in the data warehouse. Considering the temporal relationship between suspected drug and coagulopathy events is important for safety signal identification, patients whose initial PT or APTT index at the beginning of the study was out of reference interval (i.e., PT > 12.5 s or PT < 9.4 s APTT > 38.4 s or APTT < 25.1 s) were excluded.
2.3 Laboratory Criterion of DIC
The laboratories of BCH are certified and accredited under the appropriate International Organization for Standardization standards. According to the definition of coagulopathy in the published Mount Sinai Expert Guides: Critical Care in 2021 (3), the reference interval of pediatric coagulation parameters (Jiang et al., 2015), and the method of the IHI Global ADR Trigger Tool (Griffin and Resar, 2009), the trigger of pediatric DIC in this study was defined as PT longer than 12.5 s or APTT longer than 38.4 s after administration of a particular medicine within the appropriate therapeutic dose range.
2.4 Development of a Two-Stage Signal Detection Model
The overall workflow of this study was shown in Figure 1. All the involved drugs were unified with generic names and mapped with Anatomical Therapeutic Chemical (ATC) code. If a patient was prescribed more than two drugs in one record, we counted the number of users for each drug, respectively. Duplicate prescriptions of the same drug in each admission were counted only once.
[image: Figure 1]FIGURE 1 | Workflow of the signal detection method of DIC using EMR data. Abbreviations: APTT, activated partial thromboplastin time; DIC, drug-induced coagulopathy; EMR, electronic medical records; PT, prothrombin time.
2.4.1 Stage 1: Screening Suspected Drugs Potentially Associated With DIC
To identify suspected drugs potentially associated with DIC for further association analysis, we developed a workflow containing three main steps (see Stage 1 part in Figure 1). The main steps were as follows:
2.4.1.1 Identification of the scope for initial calculation of the number of drug users
Considering the confounding by indication, we excluded the records of patients containing a diagnosis of diseases that may affect coagulation function (shown in Supplementary Table S1). The remaining hospitalization records were defined as Group 1. The time when a patient in Group 1 obtained an initial normal result of PT or APTT after admission to the hospital was signed as timestamp 1 (T1), and the time for discharge of each hospitalization of every involved patient was labeled as timestamp 2 (T2). We calculated the number of drug users (b) during the period of T1-T2. Considering the temporal relationship between drugs and adverse reactions, we calculated the number of each kind of medication separately if a patient administered some kinds of medications at one hospitalization record before the pre-defined trigger of coagulopathy occurred.
2.4.1.2 Detection of the number of potential DIC events
The hospitalization records of patients in Group 1, which were potential DIC events during T1-T2 according to the definition of DIC trigger, were included in Group 2. We labeled the time of PT longer than 12.5 s or APTT longer than 38.4 s as timestamp 3 (T3). Then, the number of users for each medicine in Group 2 who were identified by the DIC trigger (a) during the period of T1-T3 was calculated.
2.4.1.3 Calculation of the crude ratio of potential DIC events
The ratio a/b for each drug was calculated. The suspected drug met the following criteria and was selected for further association analysis: (Peralta et al., 2019) set the threshold of a/b ratio according to the range of a/b values of solvents for intravenous infusions, such as normal saline and glucose injection, which can be regarded as the value of background since it is well known that normal saline and glucose injection have no effect on DIC; (Nalezinski, 2022) number of total users (b) >1,000, ensuring sufficient sample size and adequate power. Considering the a/b values of solvents for intravenous infusions, such as normal saline and glucose injection, ranged from 0.125 to 0.243, which can be regarded as the value of background since it is well known that normal saline and glucose injection have no effect on DIC, we set the screening threshold value of a/b ratio for suspected drugs as 0.250.
2.4.2 Stage 2: Signal Detection of Suspected Drug
According to the aforementioned screening procedure of suspected drugs, we conducted a series of retrospective propensity score-matched cohort studies to detect the association between suspected drugs and DIC by comparing differences in coagulopathy event rates between the exposed and unexposed groups. Each suspected drug detected from Stage 1 was considered as an exposure and was examined in a cohort study according to the following procedures. The overall main framework is displayed in Stage 2 part in Figure 1.
2.4.2.1 Algorithm defined exposed group
The eligible participants were required to be prescribed a specific screened drug after admission to BCH and had at least one PT or APTT result before and after taking the specific suspected drug, respectively. The date of initial prescription of a specific drug was considered the index time for the corresponding participant, and eligible participants should have an initial PT result within 9.4–12.5 s or an initial APTT result within 25.1–38.4 s before the index time. To accurately assess the drug-coagulopathy associations, patients who were diagnosed with diseases that may affect coagulopathy function (shown in Supplementary Table S1) or received prescriptions of anticoagulation (shown in Supplementary Table S2) (Hiensch and Lee, 2021) before the first abnormal test of coagulation index PT or APTT were also excluded.
2.4.2.2 Algorithm defined unexposed group
The patients without prescriptions of specific suspected drugs were initially selected for the unexposed group. Among them, we chose the participants with at least two records of laboratory results of PT or APTT tests from admission to discharge and had an initial result of PT or APTT within the reference interval (PT: 9.4–12.5 s; APTT: 25.1–38.4 s). For the same selection considerations as the exposure group, we excluded patients diagnosed with potential coagulopathy diseases or who had prescriptions of agents which affect the coagulation function.
2.4.2.3 Follow-up of the cohort
Follow-up of each cohort ended until the first occurrence of the following events: the library index of PT > 12.5 s or APTT > 38.4 s after administration, discharged from hospital, or until 31 December 2020.
2.4.2.4 Propensity score matching
Given that some important variables (such as age, gender, and underlying diseases) may be imbalanced between two compared groups of this observational study, the propensity score matching method was conducted to balance the baseline characteristics of each screened suspected drug group and the unexposed group. We calculated propensity scores for the initial prescription of a specific suspected drug using the logistic regressions. The variables included in the model included age, gender, admission time, and major diagnosis (based on the classification in ICD-10). Patients with missing values for age, gender, and admission date were excluded from the analysis. For a particular suspected drug, the records from the exposed group were matched 1:4 to those of the unexposed group using the caliper matching method (caliper equaled 0.1).
2.4.2.5 Signal detection
We compared the OR of DIC in each specific suspected drug cohort with the corresponding unexposed group cohorts using conditional logistic regression models. The odds ratio (OR) and its 95% confidence interval (CI) were estimated to assess the association between specific suspected drugs and the incidence of coagulopathy events. The signal of DIC was positive if the lower limit of the 95% CI of OR was greater than 1.0; otherwise, it was regarded as a negative signal.
2.5 Signal Novelty Assessment
One of the important steps in assessing adverse drug reactions is the evaluation of biological mechanisms. Since there was no recognized gold standard for evaluating the relevance of the DIC association, we performed a manual review of the summary of product characteristics (SPCs) included in the Drugs@FDA: FDA-approved drugs, Micromedex, the specification of drugs in China (https://www.yaozh.com/), and electronic literature databases, including PubMed, Embase, and China National Knowledge Infrastructure and Wanfang Database. We applied a combination of keywords and mesh words of generic names for each positive signal drug and adverse event, such as “coagulopathy,” “coagulation defects,” “coagulation disorders,” “coagulation dysfunction,” “hypocoagulability,” and “hypoprothrombinemia.” According to the report status in SPCs and literature from electronic databases, we defined two types of new DIC signals for children: 1) the specific drug DIC signal had never been reported in the summary of product characteristics or in the literature; 2) the specific drug signal had been reported in the literature about adults, but no reports about children could be found in the literature.
2.6 Statistical Analysis
The primary association analysis was conducted by conditional logistic regression and the propensity score matching method. To evaluate the robustness of the primary results, we also performed sensitivity analyses using unconditional logistic regression and the propensity score regression method other than matching in the primary analysis.
All p values were 2-sided, and p < 0.05 was considered significant for all tests. MySQL software version 14.14 (Oracle, California, United States) was used as the database management system to extract the required data from BCH’s EMR database. Data were processed and summarized using the pandas v1.2.2 model in Python 3.7. R 3.5.2 software (R Foundation for Statistical Computing, Vienna, Austria. ISBN 3-900051-00-3) was used for statistical analysis, and SAS 9.4 TS Level M5 (SAS Institute Inc., Cary, NC, United States) was used for the forest plot demonstrating the results of association analysis.
3 RESULTS
3.1 Selection of Suspected Drugs
After combining drugs with the same ingredients as ATC but different dosages and forms, 340 drugs remained. Among these drugs, 101 satisfied the screening criteria that the total number of drug users was >1,000. Then, the a/b crude ratio was calculated. Considering the a/b values of solvents for intravenous infusions, such as normal saline and glucose injection, ranged from 0.125 to 0.243, which can be regarded as the value of background since it is well known that normal saline and glucose injection have no effect on DIC, we set the screening threshold value of a/b ratio as 0.250. Twenty-two drugs were considered suspected drugs and chosen for DIC signal detection in Stage 2. These were acetaminophen, meropenem, phenobarbital, cefoperazone sodium sulbactam sodium, fluconazole, voriconazole, ambroxol hydrochloride, salbutamol sulfate, vancomycin, ribavirin, furosemide, iodixanol, nifedipine, chlorpheniramine, cefamandole, ibuprofen, ceftizoxime, omeprazole, ceftriaxone, cetirizine, latamoxef sodium, and sulfamethoxazole. The selected suspected drugs are shown in Table 1.
TABLE 1 | Suspected drugs associated with coagulopathy in the pediatric population.
[image: Table 1]3.2 Association of Suspected Drugs and Coagulopathy
The results of data extraction for the suspected drugs for each step are presented in Supplementary Table S3. For detection of the DIC signals, the median number of patients enrolled in the drug exposure groups was 492 [interquartile range (IQR): 345–826] ranging from 183 (phenobarbital) to 2,182 (furosemide), and the median number of patients enrolled in the comparison groups was 6,646 (IQR: 5,923–7,155) ranging from 4,394 (furosemide) to 7,294 (phenobarbital). The basic clinical information between two groups of each drug before and after PS matching is given in Supplementary Table S4, respectively.
Of the 22 suspected drugs, 19 showed a positive signal, including 10 anti-infective drugs (meropenem, cefoperazone sulbactam, fluconazole, voriconazole, vancomycin, cefamandole, ceftizoxime, ceftriaxone, latamoxef sodium, and sulfamethoxazole, all OR > 1.00, p < 0.001, see details in Figure 2), two antipyretics (acetaminophen, OR: 3.55, 95% CI: 2.75–4.59, p < 0.001; ibuprofen, OR: 2.06, 95% CI: 1.81–2.34, p < 0.001), one sedative-hypnotic (phenobarbital, OR: 1.99, 95% CI: 1.41–2.82, p < 0.001), one expectorant (ambroxol hydrochloride, OR: 2.12, 95% CI: 1.74–2.58, p < 0.001), one asthmatics (salbutamol sulfate, OR: 1.36, 95% CI: 1.07–1.73, p < 0.001), one diuretics (furosemide, OR: 2.36, 95% CI: 2.08–2.67, p < 0.001), one contrast agent (iodixanol, OR: 2.21, 95% CI: 1.72–2.85, p < 0.001), one antihistaminic (chlorpheniramine, OR: 3.04, 95% CI: 2.56–3.60, p < 0.001), and one mucosal protective agent (omeprazole, OR: 2.23, 95% CI: 1.88–2.65, p < 0.001). The remaining three drugs (ribavirin, nifedipine, and cetirizine) were found to be not associated with DIC. The detailed results of all the 22 drugs-DIC associations are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Forest plot for the association of suspected drugs and DIC. Abbreviations: DIC, drug-induced coagulopathy.
Results from sensitivity analyses also showed the same results for each drug with the primary analysis conducted by the propensity score matching method. Nineteen drugs were potentially associated with DIC, and three drugs were not statistically associated with DIC (Supplementary Table S5).
3.3 Signal Novelty Evaluation
The novelty of 19 positive DIC signals observed in Stage 2 was further evaluated through SPCs and current literature (Table 2). Three drugs, namely salbutamol sulfate, chlorpheniramine, and omeprazole, were found to be new DIC type I signals, as the coagulopathy event had never been reported in the literature, neither in children nor adults. In addition, twelve drugs, namely meropenem, cefoperazone sulbactam, fluconazole, voriconazole, ambroxol hydrochloride, furosemide, iodixanol, cefamandole, ceftizoxime, ceftriaxone, latamoxef sodium, and sulfamethoxazole, were considered new signals for type II DIC. Coagulation disorders associated with these 12 drugs have not been found in pediatric patients but have been reported in adults. The remaining four drugs have been reported to be associated with coagulation dysfunction in both adult and pediatric patients.
TABLE 2 | The novelty of the positive signals of DIC.
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Early recognition of the cause of coagulation disorder is critical to making appropriate treatment and saving patients’ lives. Drug-induced coagulopathy is a type of acquired coagulopathy that has been associated with some medications and can lead to devastating consequences for the patient, especially for critically ill patients (Levi and Schultz, 2010). Often, the cause of DIC is not recognized in a timely manner, resulting in recurrent coagulation disorders and inappropriate treatments. Drug-induced coagulopathy and bleeding have similar principles of management including protocols calling for early diagnosis and timely reversal of coagulopathy with antidotes (Nalezinski, 2022). Greater publicity will increase awareness and suspicion of DIC among pediatricians and improve clinicians’ ability to evaluate, accurately diagnose, and manage patients who present with unexpected coagulopathy (Nalezinski, 2022) because a delay in recognition can lead to significant morbidity and mortality; clinical criteria such as the Naranjo Adverse Drug Reaction Probability Scale were used to help determine the risk of DIC, which was less efficient. By contrast, our algorithm based on EMR data could be a referential experience to provide more clues for pediatric drug post-marketing pharmacovigilance. We found nineteen positive signals of DIC, including twelve new signals in a pediatric population. Considering the precision medicine in pediatrics, when children are treated with such drugs, health professionals should be aware of the potential coagulation disorder risk and monitor coagulation parameters during clinical therapy with these suspected drugs, particularly the need to monitor AT and APTT. In addition, these drugs may be the suspected drugs for post-marketing surveillance and regulation, which could be the candidate target drugs for further signal validation studies.
4.1 New Signals of DIC
Using our established two-stage algorithm, the association of omeprazole, salbutamol sulfate, and chlorpheniramine with DIC was found to be a potential three new type I positive signals in this study for the first time. Although there have been no published reports about these potential drug-coagulopathy event pairs neither in pediatrics nor in adults, some other clues could indicate these potential associations might exist. FDA has initiated two phase IV clinical studies about omeprazole and coagulopathy, one is focused on coagulopathy and drugs of ingredients of omeprazole, and another is about omeprazole and coagulopathy (eHealthMe, 2022; eHealthMe) using real-world post-marketing data. With real-world medical big data and proven AI algorithms, eHealthMe provides a platform for everyone to run phase IV clinical trials. According to the latest updated data on 21 April 2022, 4,63,527 people reported having side effects when taking drugs with ingredients of omeprazole. Among them, 850 people (0.18%) had coagulopathy. Similar post-marketing safety reports on salbutamol sulfate could be searched in the SIDER 4.1 database (Resource), which contains available information including side effect frequency, drug, and side effect classifications as well as links to further information on marketed medicines and their recorded adverse drug reactions. The information is extracted from public documents and package inserts. Considering the new signal of chlorpheniramine, the adverse effects listed in its SPCs include drowsiness, thirst, polyuria, sore throat, drowsiness, weakness, palpitations, ecchymosis of the skin, and bleeding tendency. A rare case report suggested that acquired hemophilia due to factor VIII inhibitor(s) should be considered in the appropriate setting when patients present with unexplained and even minor bleeding while on treatment with acetaminophen or chlorpheniramine alone or combined (Famularo et al., 2004). Since this rare case was unclear whether exposure to those compounds triggered an autoimmune response against factor VIII although there has been no clinical or laboratory evidence in this patient of liver dysfunction, which ruled out the hypothesis of factor VIII coagulopathy caused by acetaminophen-induced impairment of liver metabolism. The use of the Naranjo Probability Scale indicated a possible relationship between acquired hemophilia and exposure to acetaminophen and chlorpheniramine therapy in this patient. Further investigations about the potential association between chlorpheniramine and coagulopathy are still needed. It should be noted that general ADR was defined as “an appreciably harmful or unpleasant reaction, resulting from an intervention related to the use of a medicinal product” (Edwards and Aronson, 2000), which includes drug side effects and toxic effects (toxicity), allergic reactions, diathesis, double infection induced by anti-infection drugs, dependency, and carcinogenic, teratogenic and mutagenic effects, etc. Considering overdose drug use is more common in children’s clinical practice, further mechanism search is urgent to validate type I DIC signals detected in our studies.
Other twelve drug-DIC associations (meropenem, cefoperazone sulbactam, fluconazole, voriconazole, ambroxol hydrochloride, furosemide, iodixanol, cefamandole, ceftizoxime, ceftriaxone, latamoxef sodium, and sulfamethoxazole) were identified as potentially new type II signals in children. Among them, cefamandole, ceftizoxime, and ceftriaxone are cephalosporins, while cefoperazone sulbactam is a compound preparation of cephalosporin. Latamoxef sodium belongs to the β-Lactam family of antibiotics, and its antibacterial spectrum and antibacterial action are like that of the third-generation cephalosporin. Cephalosporins that contain the N-methylthiotetrazole side chain (NMTT-cephalosporin) have been reported to be associated with coagulation-related adverse events, especially hypoprothrombinemia or PT prolongation in patients with underlying clinical conditions at risk for bleeding (Park et al., 2019). Due to the chemical structure of the NMTT, this side chain interferes with vitamin K metabolism and results in a decrease in prothrombin synthesis and a corresponding decrease in thrombin synthesis. Hypoprothrombinemia is characterized by a deficiency of the clotting factor prothrombin and presents an elevated PT level and a prolonged APTT (Agnelli et al., 1986). Some adult case reports have documented cephalosporin-induced acute coagulopathy (Chang, 1983; Haubenstock et al., 1983; Cuxart et al., 1987; Nichols et al., 1987; Li et al., 2017; Hu, 2019; Wang et al., 2020; Li et al., 2021) but few about the pediatric population. The incidence of vitamin K-dependent coagulopathy associated with NMTT-containing antibiotics was shown to range from 2.2 to 19% while the incidence of bleeding associated with non-NMTT-containing antibiotics such as sulfamethoxazole (SMX) and meropenem was shown to range from 0 to 4% (Shevchuk and Conly, 1990; Cook and Ponte, 1994; Fotouhie et al., 2016; Furumi et al., 2019; Guo et al., 2022). Therefore, treatment with antibiotics, including non-NMTT-containing antibiotics and cephalosporins, should be remembered as potential causes of vitamin K deficiency. The liver is the main synthesis site of most coagulation factors (factor II, V, VII, IX, XII, fibrinogen, and fibrinolytic progenitor) and inhibitory proteins (α2 anti-fibrinolytic enzyme, antithrombin, protein C, protein S, etc.). Oral azole antifungal medications including fluconazole and voriconazole could affect liver function to reduce vitamin K absorption and result in deficiency of vitamin K-dependent factors II, VII, X, and IX (Lo Re et al., 2016). There had been some adults case reports about the coagulopathy events induced by ambroxol hydrochloride (Hu et al., 2003), furosemide (Hilden and Amris, 1968; Averina and Alieva, 1972), and iodixanol (Bai et al., 2021), but few of them tried to explain the mechanism of drug adverse reaction. Although our results were the first to show that these aforementioned twelve type II signal drugs might be associated with adverse coagulopathy in children, these findings will need further investigation to be confirmed and explained.
4.2 Strength and Limitation
Strengths of this study are its large size and longitudinal integrated multi-source data from the hospital information systems, biochemical laboratory, and drug prescription records with detailed clinical data. The inadequacy of the spontaneous reporting system (SRS) has led many countries to implement pharmacovigilance systems to enhance their risk management capacity. Compared with the proposed tool with those based on the SRS, the active surveillance based on the routinely collected data integration is an effective approach for pharmacovigilance, which can detect previously unrecognized adverse drug signals in the real practice immediately, as well as provide more detailed information about symptoms, signs, diagnosis, timing sequence, and medication to analyze the potential association for drug-ADR pairs. Also of note, Yoon et al. (2012) established a series of electronic health record (EHR)-based pharmacovigilance methods called the BASE, CLEAR, and MetaLAB for laboratory abnormalities (Lee et al., 2017). Our study used a two-stage data-driven drug screening and PS matching method to detect children’s DIC signals. It is important to realize that this is a tool to assist with detection but does not ensure the identification of ADRs. In comparison with the CLEAR method, our 2-stage designed approach has several advantages. In the process of selecting the drugs suspected to cause DIC, we assessed the potentialities by computing the crude incidence of ADEs in drug users. This crucial additional step increased the efficiency and speed of subsequent steps. In addition, more complicated confounders, such as relevant diagnoses with clear competing causes and medications that may affect the level of relevant laboratory indicators and induce confounding by indication, were excluded to enhance the reliability and accuracy of the results. These results suggested that our method is a valuable tool to facilitate earlier signal detection using routinely collected EMR data.
This study also had some limitations inherent to hospital-based retrospective observational data; hence, there is always a chance of unmeasured residual confounding. The signal detection using our method was dependent on the time for measurement of PT or APTT, and the sequence relationship between these signals and the actual occurrence of DIC may be inverted due to the possible delayed detection. Dose-related effects and possible residual confounders, such as those not controlled, lead to potential bias. Third, since our study is only based on EMR data from a single-center and coagulation tests are not routine laboratory tests, the sample size of exposure to both specific drugs and PT/APTT tests, such as phenobarbital, was small and limited, which could lead to poor representation of results. Therefore, the external data validation and distributed signal detection method based on multi-center EMR data should be further discussed in the future.
After two decades of implementation of the drug-related adverse reaction reporting system, China has formally implemented a pharmacovigilance system with the pharmacovigilance quality management standards and a series of supporting technical documents created to improve the safety of medication given to patients (Song et al., 2022). Since the development of children’s medicine cannot meet clinical needs, potential off-label drug use may occur in children, and this risk should not be ignored (Moore-Hepburn and Rieder, 2021). Access to high-quality data from multiple sources will lead to more comprehensive and scientific risk assessment and the generation of reliable scientific evidence for drug safety regulatory decisions. China has improved its spontaneous reporting system by installing the China Hospital Pharmacovigilance System (CHPS) module in hospital information systems (HIS) of some sentinel tertiary hospitals. The main function of the CHPS module is to automatically capture most of the information needed for the ADR report form from the hospital’s HIS system, which will lead to significant time savings for HCPs completing ADR reports and reduce the omission of important information during the filing process. On the other hand, bringing together a wealth of real-world data to build new pharmacovigilance systems has proven the possibility of successfully detecting and assessing safety signals and effectively enhancing pharmacovigilance capabilities. At present, we have developed an automated program based on this algorithm. Furthermore, in the next step, more attention will be paid to integrating these multiple modules into a drug safety monitoring platform to support quick-response tools for pediatric clinicians and pharmacists in multi-center hospitals through a common data model (CDM), just like the Sentinel Initiative of FDA. Future research will also focus on tighter integration of the structured data and clinical narratives in EMR data to improve the accuracy and scalability of the method.
5 CONCLUSION
In this study, we developed a two-stage designed pharmacovigilance method to explore potentially DIC signals using routine EMR data. Fifteen positive signals of DIC, including twelve new signals in children, were detected. Our work promotes the application of EMR datasets in pharmacovigilance and precision medicine in pediatrics.
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Cyclosporine (CsA) is a component of the first-line treatment for acquired aplastic anemia (acquired AA) in pediatric patients. This study aimed to develop a population pharmacokinetic (PK) model of CsA in Chinese pediatric patients with acquired AA to inform individual dosage regimens. A total of 681 CsA whole blood concentrations and laboratory data of 157 pediatric patients with acquired AA were retrospectively collected from two hospitals in Shanghai. A nonlinear mixed-effect model approach was used to build the population PK model. Potential covariate effects of age, body weight, and biochemical measurements (renal and liver functions) on CsA PK disposition were evaluated. Model fit was assessed using the basic goodness of fit and a visual predictive check. The CsA concentration data were accurately described using a two-compartment disposition model with first-order absorption and elimination. Body weight value was implemented as a fixed allometric function on all clearance and volume of distribution parameters. Total bilirubin level was identified as a significant covariate on apparent clearance (CL/F), with a 1.07% reduction per 1 nmol/L rise in total bilirubin level. The final estimates for CL/F and central volume (Vc/F) were 29.1 L/h and 325 L, respectively, for a typical 28 kg child. Other covariates (e.g., gender, age, albumin, hemoglobin, hematocrit, serum creatinine, and concomitant medication) did not significantly affect the PK properties of CsA. This population PK model, along with a maximum a posteriori Bayesian approach, could estimate individual PK parameters in pediatric patients with acquired AA to conduct individual CsA therapy.
Keywords: cyclosporine, population pharmacokinetics, NONMEM, acquired aplastic anemia, pediatric patients
INTRODUCTION
Acquired aplastic anemia (acquired AA) is a rare heterogeneous disorder characterized by peripheral pancytopenia and bone marrow aplasia or hypoplasia. Most patients with acquired AA (70–80%) are idiopathic because their primary etiology remains unknown (Marsh et al., 2009; Shallis et al., 2018). The annual incidence of acquired AA in Asians is 2- to 3-fold higher than that in the Western population, which has been reported to be approximately 2–2.3 patients per million (Issaragrisil et al., 1991; Montane et al., 2008; Young and Kaufman, 2008). The median age at disease diagnosis among children is around 9 years (Jeong et al., 2011). Acquired AA diagnosis was divided into three subtypes according to the related clinical guidance (Camitta et al., 1975; Camitta et al., 1976; Bacigalupo et al., 1988; Brodsky and Jones, 2005), including nonsevere AA (NSAA), severe AA (SAA), and very severe AA (vSAA). As per current clinical guidelines, immunosuppressive therapy (IST) using antithymocyte globulin (ATG) combined with cyclosporine A (CsA) is the standard first-line treatment for patients with SAA or vSAA without a suitable donor and for those with NSAA who are transfusion-dependent or experienced bleeding (Speck et al., 1977; Bacigalupo et al., 1988; Marsh et al., 1999; Rosenfeld et al., 2003; Viollier et al., 2005; Yoshida and Kojima, 2018). The overall survival rate of patients treated with IST was reported to be 68–90%, and the response rate ranged from 58 to 90% (Frickhofen et al., 1991; Rosenfeld et al., 1995; Frickhofen and Rosenfeld, 2000; Rosenfeld et al., 2003; Führer et al., 2005; Locasciulli et al., 2007; Pongtanakul et al., 2008; Saracco et al., 2008; Deyell et al., 2011; Samarasinghe et al., 2012; Dufour et al., 2015).
CsA, a classic calcineurin inhibitor, has been widely used in IST for decades (Yoshida and Kojima, 2018). CsA is mainly metabolized via cytochrome P450 isoenzymes (CYP) 3A4 and 3A5 in the liver and is also a substrate of P-glycoprotein (Kronbach et al., 1988; Aoyama et al., 1989; von Richter et al., 2004; Wojnowski, 2004; Patel and Wairkar, 2019). CsA has been reported to have high variability in its pharmacokinetic (PK) disposition (Ptachcinski et al., 1986), especially for oral dosing (Lindholm et al., 1988; Patel and Wairkar, 2019). CsA has a narrow therapeutic window for immunosuppressive purposes, usually with a whole blood trough concentration of 100–200 ng/ml for clinical indications (Marsh et al., 2009; Jain et al., 2019). Suboptimal concentration results in an insufficient clinical response, and high exposure raises patient safety concerns. The serious adverse effects included dyslipidemia, posttransplant diabetes mellitus, hypertension, intermittent renal hypoperfusion, and both reversible acute toxicity and irreversible tubulointerstitial fibrosis (Dunn et al., 2001; Olyaei et al., 2001). Its effects are different in children compared to adults because of the developmental processes, and the ontogeny of enzymes and body size could affect the disposition of the drug in the body. Thus, according to clinical guidelines, routine therapeutic drug monitoring (TDM) is strongly recommended for CsA, particularly in pediatric patients.
Population PK properties of CsA in pediatric patients have been investigated in several clinical trials, mainly targeting stem cell transplantation, posttransplantation, and nephrotic syndrome conditions (Irtan et al., 2007; Willemze et al., 2008; Kim et al., 2015; Li et al., 2019; Zhao et al., 2022). To date, population PK analysis of CsA in children with acquired AA has seldom been reported (Ni et al., 2013). Considering the remarkable difference in the physiopathology between transplantation and acquired AA, PK extrapolation across indications would have high uncertainties. This study aimed to establish a population model to characterize the PK of CsA in Chinese pediatric patients with acquired AA and to explore the potential covariate effects. The proposed population PK model can provide guidance for individual CsA therapy in pediatric patients with acquired AA.
MATERIALS AND METHODS
Study Population
The eligibility criteria for the study population were pediatric patients (≤18 years old) diagnosed with acquired AA who received CsA treatment at two hospitals in Shanghai (Children’s Hospital of Fudan University and Tongji Hospital of Tongji University) from January 2014 to December 2021. The diagnosis of acquired AA was based on several critical criteria (e.g., peripheral blood investigations, bone marrow smear, and biopsy) and excluded other disease conditions such as autoimmune disease, congenital bone marrow failure, acute myeloid leukemia, acute lymphoblastic leukemia, myelodysplastic syndrome, and other malignant hematological tumors. Patients with acquired AA who received stem cell transplantation were also excluded from this study. The study protocol and the data collection were approved by the hospital’s research ethics committee.
Acquired Aplastic Anemia Treatment Protocol
The acquired AA treatment regimen was in accordance with the suggestions in the clinical guidance, including IST-containing treatment (e.g., ATG + CsA, CsA + androgen, or CsA monotherapy) and supportive care measures (transfusions, protective isolation, antibiotics, and others). The initial oral dosing regimen of CsA was 5 mg/kg/day orally, twice daily. In general, the dose was adjusted from 5 to 8 mg/kg/day and could even to 10 mg/kg/day, depending on CsA concentration, to ensure that the concentration is within the therapeutic window. As per a clinical guideline for childhood acquired AA in China (The Society of Pediatrics, 2014), it was recommended that the therapeutic windows for CsA be 100–200 ng/ml and 300–400 ng/ml for trough and peak concentration, respectively. The first whole blood concentration of CsA at a steady state was monitored after 2 weeks of administration, and then every 3–6 months afterward, if indicated. The dose was reduced only after the concentration was maintained at these levels for at least 12 months. The dose was tapered slowly (e.g., 10–20% of the original dosage was tapered once every 3 months). The clinical physician closely monitored the complete blood count, liver and renal functions, and whole blood CsA concentration at each time of dose adjustment and carefully reduced the amount if there was any fluctuation. All treatments were in accordance with the diagnosis and treatment recommendations of the pediatric society of the Chinese Medical Association.
Pharmacokinetic Sampling and Measurement
For TDM purposes, only sparse whole blood samples were routinely collected for CsA concentration measurement according to clinical practice in the two study hospitals. The PK samples were collected at or around the peak (2–4 h postdosing) and predose (within 1 h prior to dosing). CsA whole blood concentrations were determined using an Emit® 2000 Cyclosporine Specific assay (6R079UL; Siemens Healthcare Diagnostics, Inc., Newark, NJ, United States) in accordance with the procedures in the manual.
Data Collection
All relevant clinical data for the present population PK analysis were collected from patients’ medical records in the hospital information system. The data mainly contained: 1) Demographic data (gender, age at treatment, and body weight at treatment); 2) laboratory tests, including but not limited to complete blood count (red blood cell, white blood cell, platelets, hemoglobin [Hb], hematocrit [HCT]), liver function (aspartate transaminase [AST], alanine transaminase [ALT], alkaline phosphatase [ALP], direct bilirubin, total bilirubin [TBIL]), and renal function (serum creatinine [SCr] levels); 3) concomitant medications (e.g., granulocyte colony-stimulating factor, rabbit ATG [r-ATG], glucocorticoids, and testosterone undecanoate) during the therapy; and 4) PK data, such as the date and time of CsA administration, and CsA concentration readout.
Population Pharmacokinetic Analysis Approach
Population PK analysis was conducted using a nonlinear mixed-effect modeling approach using NONMEM® software (version 7.4, ICON Development Solutions, Ellicott City, MD, United States) with a gFortran compiler (version 4.6.0). PsN (version 4.6.0) and the R language (version 3.4.0) were used to summarize and visualize the modeling outputs. First-order conditional estimation with the η-ε interaction algorithm (FOCE-I) was utilized throughout the model-building procedures. Discrimination between hierarchical models was based on the objective function value (OFV), which was proportional to twice the log-likelihood (-2LL). A decrease in OFV (∆OFV) of 3.84 was considered a statistically significant improvement in model fitting (p < 0.05) between the two hierarchical models after the inclusion of one additional parameter (df = 1).
CsA concentrations were logarithmically converted for modeling analysis. A base model was selected without any covariates capable of appropriately capturing the concentration–time data. During the base model selection stage, all possible structural compartments (i.e., one- and two-compartment disposition models) were investigated.
Interindividual variability (IIV) was modeled as an exponential function on all PK parameters, where applicable (Eq. 1).
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where [image: image] is the individual PK parameter estimate for the ith individual patient, [image: image] is the population estimate of the investigated PK parameter, and [image: image] is the IIV of the investigated PK parameter, which is assumed to follow a normal distribution with a zero mean and variance ω2. The residual variability, assumed to be normally distributed with zero mean and variance σ2, was modeled with an additive error on the natural log-transformed concentrations, which was approximately equal to an exponential residual error on an arithmetic scale.
Covariate Modeling
Body weight was implemented in the model as a simultaneous inclusion of an allometric function for all clearance and distribution volume parameters (Eqs 2, 3, respectively).
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where BWi is the individual body weight for the ith individual and BWmedian is the median body weight of the study population (28 kg).
In addition to body weight, other potential covariates, such as age, gender, laboratory tests of liver and renal function, and concomitant drugs, were investigated for all model parameters, except absorption-rate constant, using a forward selection (p = 0.05) and followed a strict backward elimination (p = 0.01) procedure.
Model Evaluation
Basic goodness-of-fit plots, such as the conditional weighted residue versus population prediction, conditional weighted residue versus time, observation versus population prediction, and individual prediction, were used to evaluate systematic discrepancies and model misspecification if it exists. The sampling importance resampling approach was employed to derive parameter uncertainties for the final population PK model with the options of sample = 2,000 and resample = 1,000. The overall predictive performance of the final population PK model was evaluated using prediction-corrected visual predictive checks [(Bergstrand et al., 2011), n = 1,000 simulations].
In Silico Simulation
Based on the final population PK model, in silico simulations were conducted according to different clinical scenarios, such as body weight, significant covariates, and dosing regimens (n = 1,000 for each scenario). The simulated PK exposure parameters (e.g., trough concentration) for each scenario were summarized and visualized.
RESULTS
In total, 681 whole blood CsA concentrations of samples from 157 pediatric patients were included in the current population PK modeling analysis. The basic demographic characteristics of patients are presented in Table 1. Overall, the baseline demographic data of the patients were comparable between the two hospitals.
TABLE 1 | Demographic data of children with acquired aplastic anemia.
[image: Table 1]A one-compartment model with first-order absorption and elimination processes offered an OFV of 299.011. Utilizing a two-compartment model indicated a significant improvement in the model fit (∆OFV = −249.597). However, the peripheral volume of distribution estimate was implausible (6350 L); therefore, this parameter and intercompartment clearance were fixed at 496 and 5 L/h, respectively, according to the reported literature value (Eljebari et al., 2012). This model still resulted in a superior model fit compared with the one-compartment model (∆OFV = −136.676).
Body weight implemented as an allometric function on all clearance and volume of distribution parameters in the model did not lead to a worse model (∆OFV = −1.363).
Further inclusion of albumin (ALB) on clearance with a linear function resulted in a significant decrease in OFV (∆OFV = −11.425). However, the parameter estimate had poor precision (RSE = 56%); therefore, ALB was not retained in the model. Inclusion of TBIL on clearance in a linear manner led to a significant improvement in the model fit (∆OFV = −8.762) with a good precision of estimate (RSE = 20.4%) and therefore was retained in the model. Other covariates had no statistically significant effects on PK parameters.
The final parameter estimates had a good precision (RSE<30%) and confirmed the stability of the model (Table 2). The basic goodness-of-fit diagnostic plots (Figure 1) did not show any evident systematic discrepancies. Overall, the predictive-corrected visual predictive checks showed good consistency between the model-predicted and observed CsA concentration versus time profiles, although the maximum concentrations were slightly underestimated (Figure 2).
TABLE 2 | Pharmacokinetic parameter estimates from the final population model of cyclosporine A in children with acquired aplastic anemia.
[image: Table 2][image: Figure 1]FIGURE 1 | Basic goodness of fit of the final population pharmacokinetic model of cyclosporine A. (A) conditionally weighted residuals vs. population-predicted concentrations. (B) conditionally weighted residuals vs. time. (C) observed plasma concentrations vs. population-predicted concentrations. (D) observed plasma concentrations vs. individually predicted concentrations; solid red lines represent locally weighted least-squares regressions.
[image: Figure 2]FIGURE 2 | Visual predictive check of the final population pharmacokinetic model of cyclosporine A. The visual predictive check was based on 1,000 stochastic simulations. Open circles are the observations and solid lines represent the 5th, 50th, and 95th percentiles of the observed data. The shaded areas represent 95% prediction intervals around the simulated 5th, 50th, and 95th percentiles. The Cmax was slightly underestimated.
In Silico Simulation
After orally administering a 5 mg/kg daily dose of CsA, the model predicted a trough concentration at a steady state by body weight and TBIL levels, as shown in Figure 3. Considering the proposed dosing regimen, the exposure in pediatric patients with low body weight bands (<30 kg) was below the therapeutic windows (100–200 ng/ml), suggesting that an increase in dosage must be considered to achieve sufficient exposure. Moreover, pediatric patients with higher TBIL levels appeared to have higher exposure, and dose reduction in these patients was deemed necessary.
[image: Figure 3]FIGURE 3 | Impact of body weight and total bilirubin level on the pharmacokinetic exposure at steady state after the oral administration of cyclosporine A (5 mg/kg/d). The data of 1,000 children were used for the simulation for each body weight band. The simulation was stratified by different total bilirubin levels: (A) the normal level (<17.1 μmol/L). (B) and (C) 1.5 and 2 times the upper limits of the normal level (25.65 and 34.2 μmol/L), respectively. The total simulated exposure was presented as median values (25th–75th percentiles).
DISCUSSION
This is a pooled population PK analysis of CsA in pediatric patients with acquired AA in two study hospitals. The proposed population PK model could accurately describe the PK properties of CsA in the target population, and TBIL could affect clearance.
As CsA has high variability in PK profiles, routine TDM is mandatory in clinical practice for individual therapy. The population PK approach combined with Bayesian estimates for individual PK parameters offers a powerful tool to achieve this purpose. Regarding the structural model in population analyses for CsA, the one-compartment deposition model was commonly used for sparse PK data (Xiaoli and Qiang, 2009; Ni et al., 2013; Li et al., 2019; Albitar et al., 2020). The current modeling analysis using CsA trough and peak concentrations suggested an appropriate two-compartment disposition model, which was consistent with several published CsA population analyses (Wilhelm et al., 2012; Okada et al., 2017). In the current investigation, the apparent clearance (CL/F) estimate for a typical 28 kg child was 29.1 L/h, which was higher than that reported in a previous study including 102 children with AA (15.1 L in a child weighing 29.8 kg) (Ni et al., 2013). The discrepancy in CL/F might be attributed to the difference in sampling strategy (trough and peak concentrations in our study) and the sequential utilization of different structural models. However, the CL/F estimate in the present study was within the range of that of published population PK models for pediatric patients receiving transplantation. The CL/F was 23.1 L/h in 98 pediatric renal transplant patients weighing 35.2 kg (Irtan et al., 2007) and 29.3 L/h in 17 pediatric patients receiving stem cell transplantation with an average body weight of 32.4 kg (Willemze et al., 2008). In the present study, the central volume (Vc/F) estimate was 325 L for a typical 28 kg child, which was higher than that reported in a previous pediatric AA study (89.1 L for a 29.8 kg child) (Ni et al., 2013), pediatric patients who received renal transplants (70.3 L for a 35.2 kg child) (Irtan et al., 2007), and pediatric patients who received stem cell transplantation (42.7 L for a 32.4 kg child) (Willemze et al., 2008) and lower than that reported in a recent study of Chinese pediatric patients with nephrotic syndrome (2320 L for a typical 25 kg child) (Zhao et al., 2022). The Vc/F estimate was still within the range of reported values from literature. Moreover, the total V/F (Vc + Vp) normalized to a 70 kg adult was 1,468 L, which was similar to those reported in some studies with adult patients (1,080 and 1,010 L for Chinese adults (Zhou et al., 2012; Wang et al., 2022), and 1,990 L for Korean adults (Ji et al., 2011)).
Considering the principles of allometry in pediatrics, the body weight was highly suggested to be included in the model (Holford et al., 2013). Fanta et al. (2007) conducted a population PK analysis for 162 pediatric patients before a transplant and found that young patients (<8 years) had approximately 25% higher body weight normalized clearance than older children. In a population PK study of pediatric patients with acquired AA, the body weight was found to correlate with CL/F and V/F (Ni et al., 2013). In the present study, we applied the body weight value in all the clearance and volume parameters as an allometric function with the fixed exponent of 0.75 and 1.0, respectively, which did not result in a poor model. In addition, a few studies included body surface area (BSA) (Okada et al., 2017) in the model; however, this variable was not investigated in the present study since some height data were missing, and we were unable to calculate the BSA.
Since CsA undergoes liver metabolism and renal elimination, laboratory tests for liver and renal function show that PK disposition is seemingly affected in the body. Fanta et al. (2007) suggested that total plasma cholesterol level was correlated with CL/F in pediatric patients undergoing renal transplantation, with a 5.4% reduction per 1 mmol/L increase in cholesterol level. A population PK analysis of Chinese patients who underwent allogeneic hematopoietic stem cell transplantation showed that the plasma albumin level was inversely correlated with CL/F, with a 2.89% drop per 1 g/L increase in albumin level (Zhou et al., 2012). In the present study, total plasma cholesterol level was not routinely measured during outpatient visits; therefore, this covariate was not investigated. Moreover, we had a similar finding on the albumin covariate, but considering the poor precision of the estimate (>50%), the albumin value was removed from the final model. We identified TBIL as a significant covariate on CL/F, with a 1.07% reduction per 1 nmol/L rise in TBIL. Several studies on patients with transplantation have reported that TBIL, a biomarker of liver function, was relevant to CL/F (Wu et al., 2005; Ji et al., 2011). This finding suggested that dose adjustment may be required in patients with elevated TBIL levels.
Ni et al. (2013) found that SCr levels were a significant covariate on CL/F in pediatric patients with AA, with an 8.1% decrease per 1 μmol/L increase in SCr. Fanta et al. (2007) indicated that SCr levels were significantly correlated with CL/F in children undergoing renal transplantation, although the covariate effect size was small. A population PK analysis of CsA in Chinese pediatric patients receiving hematopoietic stem cell transplantation suggested a nonlinear relationship between estimated glomerular filtration rates and CL/F, with an exponent of 0.545 in power function (Li et al., 2019). In the present study, we did not identify a significant effect of SCr levels; the most likely explanation was that the majority of children had normal renal functions during the treatment period. Moreover, CsA was highly bound to erythrocytes and plasma proteins, and its distribution in the blood was reported to be approximately 41–58% in erythrocytes (Han et al., 2013). HCT was considered a significant covariate in a few previous studies (Wu et al., 2005; Yin et al., 2006; Fanta et al., 2007; Zhou et al., 2012). However, we did not find such a relationship in this study. Considering transfusion was needed in some patients, the relationship between Hb and Vc/F has been assessed with no statistical significance in the present study. However, a power relationship was suggested, with the exponent estimate of 0.159. Again, the Vc/F estimate was 290 L for a typical child with a Hb level of 85 g/L. The impact of Hb on Vc/F was not substantial.
Concomitant drugs, such as anabolic steroids (Ni et al., 2013) and triazole antifungal agents (Zhou et al., 2012; Li et al., 2019; Ling et al., 2021), have been reported to affect CsA PK exposure. Children undergoing IST often receive steroids as a concomitant drug (Ettenger, 1998; Benfield et al., 1999; Clucas et al., 2019). In theory, steroids could reduce CYP450 3A metabolism in CsA via competitive inhibition (Nakamura et al., 2002). The effects of steroids (methylprednisolone, prednisolone, or prednisone) on CsA PK exposure were further assessed in adult patients (Lam et al., 2008). In the present study, five types of steroids (Table 1) were comedicated with CsA in the treatment; however, the most frequently used steroids (testosterone, prednisone, and methylprednisolone) did not significantly influence CL/F according to the modeling analysis. Moreover, only a few patients (<5%) received triazole antifungal agent treatment, and its effect on CL/F was not further investigated.
This study has several limitations. 1) The CsA data were retrospectively collected from two centers, and a prospective clinical study would improve the data accuracy. 2) Enzyme polymorphisms have been demonstrated to contribute to the PK variability in CsA. However, relevant CYP3A and ABCB1 polymorphisms were not detected in this study, which may reduce the chance of finding polymorphism-related covariates. 3) In the present study, only two covariates were included in the final model; other significant covariates such as albumin were not retained due to the poor precision of parameter estimation. This model should, in the future, be updated with emerging data, which will allow the assessment of the covariates in a broader population and improve the goodness of fit accordingly, especially for population/individual predictions versus observation plots.
CONCLUSION
In this study, we developed a population PK model to describe the PK property of CsA in Chinese pediatric patients with acquired AA. Body weight and TBIL level were significant covariates for the PK disposition of CsA. The proposed model could inform precision medicine in CsA therapy for pediatric patients with acquired AA.
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Short-term efficacy and safety of a lower dose of polyethylene glycol recombinant human growth hormone in children with growth hormone deficiency: A randomized, dose-comparison study
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Objective: Polyethylene glycol recombinant human growth hormone (PEG-rhGH, Jintrolong®) is the first long-acting rhGH preparation that is approved to treat children with growth hormone deficiency (GHD) in China. Clinical experience with dose selections of PEG-rhGH is scarce. The present study compared the efficacy and safety of a lower dose to increase dosing regimens of PEG-rhGH treatment.
Methods: A multicenter, randomized, open-label, dose-comparison clinical study was conducted to compare the improvements in the height standard deviation score (Ht SDS), height velocity (HV), insulin-like growth factor-1 (IGF-1) SDS, and safety profiles of children with GHD who are treated with 0.2 mg/kg/week of PEG-rhGH dose or 0.14 mg/kg/week for 26 weeks.
Results: Ht SDS, HV, and IGF-1 SDS increased significantly after PEG-rhGH treatment in the two dose groups (p < 0.05). The improvements of Ht SDS, HV, and IGF-1 SDS were more significant in the high-dose group than in the low-dose group (p < 0.05). Ht SDS improvement in low-dose group was not non-inferiority to that in the high-dose group (p = 0.2987). The incidences of adverse events were comparable between the two groups.
Conclusion: The improvements of Ht SDS, HV, and IGF-1 SDS were more significant in the high-dose group than in the low-dose group (p < 0.05). PEG-rhGH at the dose of 0.14 mg/kg/week was effective and safe for children with GHD.
Clinical Trial Registration: clinicaltrials.gov, identifier NCT02908958.
Keywords: PEG-rhGH, GHD, IGF-1, dose, children
INTRODUCTION
Recombinant human growth hormone (rhGH) has been used to treat growth hormone deficiency (GHD) in children for over 30 years with the aim of promoting linear growth (Richmond and Rogol, 2016; Collett-Solberg et al., 2019). The efficacy and safety of rhGH therapy has been demonstrated in many clinical trials (Shih et al., 1994; Peterkova et al., 2007; Slattery et al., 2014; Swerdlow et al., 2015; Rhie et al., 2019; Pfäffle et al., 2020; Backeljauw et al., 2021; Coutant et al., 2021). However, daily rhGH injections lead to poor adherence and decreased effectiveness. A recent meta-analysis reported that up to 71% of patients with GHD and their families were non-adherent to the prescribed treatment (Graham et al., 2018). As a result, several long-acting formulations of rhGH have been developed to reduce the frequency of administrations (Saenger and Mejia-Corletto, 2016; Miller et al., 2020).
Jintrolong® (GeneScience Pharmaceuticals, Changchun, China), a polyethylene glycol rhGH (PEG-rhGH), is the first commercial long-acting rhGH preparation approved in China. Compared to daily rhGH, PEG-rhGH has a longer Tmax and t1/2 and slower plasma clearance, which allows for weekly injection (Hou et al., 2016). Clinical studies have demonstrated the non-inferior efficacy and safety of PEG-rhGH compared to daily rhGH at an equivalent dose for the treatment of GHD (Luo et al., 2017; Qiao et al., 2019; Sun et al., 2021; Wang et al., 2021; Du et al., 2022). Notably, in a Phase III trial, PEG-rhGH treatment at 0.2 mg/kg/week was associated with greater increases in most of the efficacy endpoints, including height velocity (HV), height (Ht) standard deviation score (SDS), and insulin-like growth factor-1 (IGF-1) SDS, compared to daily rhGH dosing of 0.25 mg/kg/week (Luo et al., 2017). IGF-I has an effect on cell proliferation, and its increased serum concentration might be associated with an increased risk of common cancers (Renehan et al., 2004; Pfäffle, 2015). The change in the area under the concentration curve of IGF-1 after 7 days of PEG-rhGH injection at a dose of 0.2 mg/kg was 1.3 folds larger than that of rhGH at 0.25 mg/kg/week in a Phase I clinical trial (p = 0.059) (Hou et al., 2016). These results suggest that PEG-rhGH can be administrated at a lower dose to achieve comparable efficacy and safety.
Clinical experience with dose selections of PEG-rhGH is scarce. A PEG-rhGH dose of 0.14 mg/kg/week is equivalent to a daily rhGH dose of 0.12 IU/kg/d, which is within the recommended dose range for children with GHD. In addition, results of an animal study reported that in rats, a single PEG-rhGH dose of 0.14 mg/kg/week showed the same expected linear growth as a daily rhGH dose of 0.25 mg/kg/week (Zhang et al., 2012). Taken together, the present study aimed to compare the efficacy and safety of PEG-rhGH treatment at a dose of 0.14 mg/kg/week to 0.2 mg/kg/week in children with GHD.
MATERIALS AND METHODS
Study design and participants
This study was a multicenter, randomized, open-label, parallel-group, dose-comparison clinical trial that took place at 22 medical centers in China for 26 weeks. The study protocol was reviewed and approved by the Ethics Committee of the Children’s Hospital, Zhejiang University School of Medicine and other participating centers. The parents or legal guardians of all participating children signed informed consents. The study was conducted in accordance with the principles of the Declaration of Helsinki and the International Conference on Harmonization Good Clinical Practice guidelines.
Eligible participants were prepubertal GHD patients (Tanner stage 1) aged at 3 years or older who had not received any GH treatment for 6 months. GHD was diagnosed using the following criteria: 1) height below -2SD or the third percentile of the normal growth curve for children of the same chronological age (CA) and sex in China (Hui et al., 2009); 2) HV ≤ 5 cm/year; 3) serum GH peak <10 μg/L in two different GH stimulation tests (stimulation with insulin, L-dopa, glucagon, arginine, or clonidine); and 4) bone age (BA) below 10 years for boys and 9 years for girls, with a minimum of a 1 year delay compared to the CA. Key exclusion criteria included renal or hepatic impairment; positive results for hepatitis B virus test, hypersensitivity of the study drug, serious cardiopulmonary, hematologic diseases, systemic infections or immunocompromising disorder, familial history of malignant tumor, diabetes, and other abnormal growth syndromes (i.e., Turners, constitutional delay of puberty, Laron Syndrome, growth hormone receptor deficiency). Those who had participated in other clinical trials within the 3 months prior to enrollment were also excluded.
Randomisation and masking
Patients were randomly assigned in a 1:1 ratio to randomized blocks (6 people per block) using a computer-generated random sequence to receive a PEG-rhGH dose of 0.14 mg/kg/week or 0.2 mg/kg/week. The study medicines and participant numbers were assigned in the forms of block multiples to each center. Each participant was assigned a unique medicine number. The investigators and parents/guardians were not masked to treatment allocation.
Procedures
PEG-rhGH was subcutaneously injected at a fixed time of the day by patients or their parents/guardians, who were able to administrate PEG-rhGH after training. The injection sites could be the lateral upper arm, lateral thigh, or the abdomen except the periumbilical area; the two injection sites were to be more than 2 cm apart. Each administration date and time was carefully recorded on diary cards. The treatments lasted for 26 weeks, and three follow-up visits were scheduled at week 4, 13, and 26 ( ± 5 days) after treatment initiation. At each visit, height and body weight were measured by designated personnel at each center. Blood samples were collected for blood routine tests, blood biochemistry, blood lip, blood glucose, thyroid function, serum IGF-1 concentration and anti-drug antibodies. Pituitary magnetic resonance imaging and electrocardiography were performed at each center. BA radiography was performed using the Tanner-Whitehouse three method at baseline and at week 26. Participants were not to use other medicines that may affect the efficacy of PEG-rhGH, such as gonadotropin-releasing hormone analogs, androgens, anabolic hormones, or other drugs that affect growth and development.
Outcomes
The primary efficacy outcome was the Ht SDS at week 26 after PEG-rhGH treatment. Secondary outcomes included HV and IGF-1 SDS at week 26 after PEG-rhGH treatment. Ht SDS and IGF-1 SDS were defined as the SD scores at each visit, based on the same CA and sex. HV was calculated as the height change per year. Safety was assessed by monitoring the adverse events (AEs), clinical symptoms, and laboratory tests at each visit. AEs were recorded, irrespective of their causal relationship to the treatment.
Statistical analysis
A sample size of at least 191 per group was needed to achieve a power of 90% with an α level of 0.025 for a non-inferiority margin of −20% in Ht SDS change (Sun et al., 2021). We assumed a dropout rate of 20% and to guarantee the robustness of the results, a total of 900 patients were planned to recruit.
Efficacy analysis was performed at week 26 in the modified intention-to-treat (mITT) and per-protocol populations. The mITT population included all randomized patients who received at least one injection of PEG-rhGH and completed at least one follow-up visit. The per-protocol population comprised of all randomized patients from the mITT population who completed all follow-up visits and had no major protocol deviations. Safety analysis was performed on the safety set (SS), which included all randomized patients who received at least one injection and safety record.
Continuous variables are presented as mean ± SD and categorical variables are presented as frequency and percentage. To assess the changes in PEG-rhGH treatment before and after with-in groups, continuous variables were statistically analyzed by paired t-test if they were normally distributed and homogeneous; otherwise, a Wilcoxon rank-sum test was used. Missing data were imputed using the last-observation-carried-forward method. Changes between the two groups were analyzed by covariance (ANCOVA) with baseline as the covariate, taking the center effect into consideration. A chi-squared (χ2) test was used to compare enumeration data and ratios. Results were considered significant at p < 0.05. The non-inferiority of 0.14–0.2 mg/kg/week would be accepted if the lower limit of the two-sided 95% CI for the difference between the two dose groups was greater than the non-inferiority margin. All statistical analyses were performed using SAS (version 9.4, SAS Institute Inc. Cary, NC).
RESULTS
Patient characteristics
Between October 2014 and December 2017, 907 patients were screened and 687 patients were randomly assigned to receive 0.14 mg/kg/week of PEG-rhGH (n = 338) or 0.2 mg/kg/week (n = 349) (Figure 1). Seven patients in each group had no efficacy records and were not included in the mITT population. A total of 594 patients completed all follow-up visits, and seven patients in each group were excluded during data verification due to puberty. Finally, 285 patients in the low-dose group and 295 in the high-dose group were included in the per-protocol population. Since the results of the efficacy analysis of the per-protocol population were similar to those of the mITT population, only the mITT results are presented.
[image: Figure 1]FIGURE 1 | Patient flow diagram.
The demographic and baseline characteristics of the study population were comparable between the treatment groups (Table 1). All the patients were preadolescents, and BA/CA indicated retardation of bone maturation. All subjects were negative for Anti-GH antibodies.
TABLE 1 | Demographic and clinical characteristics at baseline (mITT).
[image: Table 1]Efficacy assessment
After PEG-rhGH treatment, the mean Ht SDS increased significantly in both dose groups at each assessment (Figure 2A). It increased from −2.68 ± 0.85 at baseline to −2.25 ± 0.72 at week 26 (p < 0.0001) in the low-dose group and from −2.66 ± 0.72 to −2.14 ± 0.75 (p < 0.0001) in the high-dose group. At each visit, the mean increments of Ht SDS in the low-dose group and the high-dose group were 0.12 ± 0.12 vs. 0.14 ± 0.13 (p = 0.1302) at week 4, 0.27 ± 0.19 vs. 0.32 ± 0.18 (p = 0.0008) at week 13, and 0.42 ± 0.28 vs. 0.51 ± 0.25 (p < 0.0001) at week 26, respectively. This suggests that the improvement of Ht SDS is dose-dependent, and the high dose had a more significant improvement in linear growth than the low dose. The lower limit of 95% CI of the Ht SDS change difference was −0.13, which was below the margin of −0.10. Thus, non-inferiority of Ht SDS change was not established (p = 0.2987).
[image: Figure 2]FIGURE 2 | Height SDS (A), Height velocity (B) and IGF-1 SDS (C) at baseline and week 4, 13 and 26 with a PEG-rhGH dose of 0.14 mg/kg/week or 0.2 mg/kg/week.
HV increased rapidly in the first 4 weeks of PEG-rhGH treatment in both groups and then decreased slowly (Figure 2B). Similar effects of PEG-rhGH were observed in the HV as was observed in the Ht SDS. HV increased at a rate of 10.89 ± 8.05 cm/year in the low-dose group and 11.91 ± 8.83 cm/year in the high-dose group at week 4 (p = 0.1163). Then the increments decreased to 8.58 ± 4.30 cm/year in the low-dose group and 9.39 ± 8.97 cm/year in the high-dose group at week 13 (p = 0.0108), and 7.73 ± 3.53 cm/year and 8.46 ± 2.99 cm/year at week 26 (p = 0.0042). The low-dose group met the non-inferiority compared with the high-dose group, with a lower limit of 95% CI of −1.22 within the non-inferiority margin (p < 0.0001).
The mean IGF-1 SDS values also increased significantly (Figure 2C). In the low-dose group, it increased from -1.15 ± 1.48 at baseline to 0.06 ± 1.89, 0.20 ± 1.78, and 0.19 ± 1.82 at week 4, 13, and 26, respectively. And in the high-dose group, it increased from -1.10 ± 1.46 at baseline to 0.26 ± 1.74, 0.45 ± 1.68, and 0.57 ± 1.68 at week 4, 13, and 26, respectively. There were no significant increases of IGF-1 SDS at week 13 and 26 from baseline between two groups (p = 0.9508 in the low-dose group and p = 0.3766 in the high-dose group).
Safety
A total of 677 patients were concluded for the Safety analysis: 333 in the low-dose group and 344 in the high-dose group. Anti-GH antibodies were tested for patients at week 13 and week 26 after treatments initiation. No positive anti-drug antibodies were detected in both two groups. There were no statistical differences in the incidence of AEs and SAEs between the two groups (AEs: 50.5% vs. 53.9%, p = 0.3963; SAEs: 1.2% vs. 1.7%, p = 0.7525). The most common AEs were upper respiratory tract infections, followed by cough and fever in both the low-dose group (31.5%, 8.7%, and 7.8%) and the high-dose group (33.5%, 8.9%, and 6.5%). 33 in the low-dose group and 31 in the high-dose group were considered to be PEG-rhGH-related (p = 0.6896). All SAEs were not PEG-rhGH-related except for one case of Henoch-Schonlein purpura in the low-dose group, where the correlation with PEG-rhGH was not identifiable.
During PEG-rhGH treatment, no statistical changes were found in blood glucose and lipid indexes including fasting blood glucose, fasting insulin, glycosylated hemoglobin, total cholesterol, triglycerides, high-density lipoprotein, low-density lipoprotein (p > 0.05) (Table 2).
TABLE 2 | Blood glucose and lipid indexes during PEG-rhGH treatment (SS).
[image: Table 2]DISCUSSION
Jintrolong® is the first long-acting rhGH preparation approved by the Center for Drug Evaluation of China. Based on the results of the present study, PEG-rhGH is effective and safe at a lower dose of 0.14 mg/kg/week for improving Ht SDS, HV and IGF-1 SDS in children with GHD; non-inferiority of Ht SDS at the dose of 0.14 mg/kg/week was not established after 26 weeks of treatment.
The GH/IGF-1 axis is critical for growth regulation (Balhara et al., 2012). GH induces bone growth by stimulating the production of IGF-1 in the liver, which in turn regulates GH secretion and stimulates longitudinal bone growth in the growth plate (Balhara et al., 2012; Wu et al., 2015). After 26 weeks of PEG-rhGH treatment, significant increases in Ht SDS and HV were observed in both dose groups, as expected. The incremental changes in Ht SDS and HV in the high-dose group at week 26 yielded similar results as were reported in a Phase IV clinical trial and another single-center, nonrandomized cohort study of Jintrolong® at the same dose of 0.2 mg/kg/week (Qiao et al., 2019; Sun et al., 2021), but were less than the results from the Phase III clinical trial of Jintrolong® (Luo et al., 2017). Changes in Ht SDS were negatively correlate with age, baseline IGF-1, and peak GH levels (Sun et al., 2021). The mean peak GH level and mean value of IGF-1 SDS were lower in the Phase III clinical trial, which may explain the differences in growth responses in different clinical trials. Attempts have been made to extend the dosing interval of PEG-rhGH, however, changes of both Ht SDS and HV failed the non-inferiority test to weekly administration of PEG-rhGH or daily administration of rhGH (Sun et al., 2021). There were also some clinical trials that use the HV improvement as the primary efficacy outcome with the non-inferiority margin of −2 cm (Luo et al., 2017; Czepielewski et al., 2019). Although the non-inferiority was not established in terms of improving Ht SDS change, our results demonstrated that the dose of 0.14 mg/kg/week was non-inferior to the dose of 0.2 mg/kg/week in improving HV of children with GHD. Meanwhile, the efficacy of PEG-rhGH treatment at 0.14 mg/kg/week were consistent with the conventional dose of rhGH treatment in previous studies (Xue et al., 2016; Deal et al., 2018; Czepielewski et al., 2019). These results suggest that the PEG-rhGH dose of 0.14 mg/kg/week could be considered as a low dose option to attain an optimistic efficacy, which would reduce both adverse reactions and the treatment costs.
The serum IGF-1 level is an important parameter for monitoring GH treatment. It has been reported that children whose rhGH doses were adjusted maintain serum IGF-1 levels in the upper normal range (+ 1.5- + 2.5 SD) gained better improvement in growth response compared to children with IGF-I levels in the mid-normal range (Cecconi et al., 2004; Cohen et al., 2007; Pfäffle, 2015). Similar to Ht SDS and HV, IGF-1 SDS was significantly elevated during the 26 weeks and showed dose-dependent changes. Notably, the IGF-1 SDS rapidly increased at week four and reached a plateau at week 13 in the low-dose group but continued to increase slightly in the next 5 months in the high-dose group, although no significant differences observed (p > 0.05). The trends were different from the Phase III clinical trial of Jintrolong®, in which IGF-1 SDS reached a plateau at around week 13 and then gradually decreased with the same dose of 0.2 mg/kg/week (Luo et al., 2017). This difference may be attributed to the huge inter-individual variation in IGF-1 levels which are influenced by sex, age, body weight, nutritional status, and puberty stage and so on (Liu et al., 2019; Witkowska-Sędek et al., 2019; Papathanasiou et al., 2021). The previously mentioned cohort study reported that IGF-1 SDS in the PEG-rhGH group reached the upper limit of the normal range (0.96 ± 1.39) during the first 6 months and continued to increase over the next 18 months (Qiao et al., 2019). Considering the risks associated with IGF-1, the question of whether a high dose of PEG-rhGH leads to a supraphysiological level of IGF-1 requires long-term follow-up.
GH activates insulin-sensitive lipase, promotes fat decomposition, inhibits glucose uptake and utilization in skeletal muscles and adipose tissue, reduces glucose consumption, and increases blood glucose levels (Weber et al., 2017). It has been observed that the blood glucose and lipid levels decrease after rhGH treatment (Ciresi et al., 2007; Slattery et al., 2014; Kubo et al., 2017), while other clinical trials have not found significant changes in glucose metabolism after rhGH treatment (Czepielewski et al., 2019). A recent meta-analysis revealed a favorable role of rhGH therapy in lipid metabolism, which might depend on the duration of the intervention; however, the role of rhGH in glucose metabolism was not significant (Yuan et al., 2021). For instance, an increase in HbA1c level was observed after 1 year of rhGH therapy in a retrospective study of 101 pediatric patients with GHD (Pellegrin et al., 2019). For PEG-rhGH, improvements in lipid profiles (Hou et al., 2016) and non-significant changes in lipid metabolism (Wang et al., 2021) have been reported; however, none of them exert an unfavorable effect on glucose metabolism (Hou et al., 2016; Qiao et al., 2019; Wang et al., 2021). In our study, no significant changes were found in glucose or lipid metabolism after 26 weeks of PEG-rhGH treatment in children with GHD, regardless of PEG-rhGH dose. Our metabolomics analysis had revealed a strong association between fatty acids metabolism and the clinical efficacy of PEG-rhGH therapy, which would likely to be involved in fatty acid metabolism and energy metabolism (Li et al., 2022). Long-term follow-up is needed to confirm the effects of PEG-rhGH treatment on glucose and lipid metabolism.
Although the short-term efficacy and safety of PEG-rhGH treatment has been proven in clinical trials, introduction of a modified PEG molecule may cause new side effects (Lal and Hoffman, 2018). In addition, long-term elevated GH levels produced by PEG-rhGH treatment may induce iatrogenic acromegaly, neoplasia and glucose intolerance (Yuen et al., 2021). Therefore, every centimeter gained from PEG-rhGH treatment comes with a certain amount of risk. Moreover, despite the reduced frequency of injections, the cumulative cost of long-term treatment with PEG-rhGH remains high. Further pharmacoeconomic evaluations are needed to determine the correct cost and risk-benefit ratio.
Our study has some limitations. First, the pharmacokinetic and pharmacodynamic profiles of 0.14 mg/kg/week dosing have not been evaluated in order to explain the differences in the IGF-1 responses between the two PEG-rhGH doses. Second, serum IGF-1 levels increased steadily after PEG-rhGH injection and reached to a peak concentration after 2 days (Hou et al., 2016). However, for the convenience of patients and their parents, the follow-up visit was not strictly set for the second day after dosing according to the study protocol, which might introduce some error in the accuracy of the IGF-1 SDS.
In conclusion, there were significant increases in Ht SDS, HV, and IGF-1 SDS at week 26 after PEG-rhGH treatment in both dose groups. Ht SDS improvement with treatment using 0.14 mg/kg/week of PEG-rhGH was not non-inferiority to that at the standard dose of 0.2 mg/kg/week. Additionally, there were no significant changes in glucose or lipid metabolism after PEG-rhGH treatment at the different doses. Furthermore, a longer follow-up period is needed to assess the long-term efficacy and safety of lower doses of PEG-rhGH to optimize the therapeutic dose of PEG-rhGH.
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Purpose: Tonsillectomy is a recognized treatment for children with tonsil hypertrophy and results in significant postoperative oropharyngeal pain. Fentanyl and other morphine-like analgesics are widely used as perioperative analgesia but are associated with side effects such as vomiting, nausea, and respiratory depression. As the least toxic non-steroidal anti-inflammatory drug, ibuprofen may be effective and safe for pain control after tonsillectomy. We aimed to explore whether the addition of intravenous (IV) ibuprofen administered at induction can reduce the need for early postoperativeanalgesics.

Study design and methods: This randomized, double-blind, controlled clinical trial enrolled 95 pediatric patients who underwent tonsillectomy. Participants aged 6 months to 12 years were randomly assigned to either the experimental and control groups (1:1). The children were premedicated 15 min before surgery with IV ibuprofen 10 mg kg−1 or placebo (normal saline). Pain was scored at 15, 30, and 120 min after extubation, and IV fentanyl (0.5 mcg kg−1) was administered when the Faces, Legs, Activity, Cry, and Consolability (FLACC) Scale was ≥7 and deemed appropriate by the nursing staff in the post-anesthesia care unit (PACU). The visual analog scale was used as a supplementary evaluation for older children (≥7 years old) who were awake and could self-report pain. The primary outcome variable was the number of patients who received postoperative analgesia.

Results: The requirement for rescue fentanyl was reduced by 18% with the addition of IV ibuprofen (P = 0.043). There were no signficant differences in the amount of fentanyl administered postoperatively (P = 0.127). Compared with the placebo group, the number of children who needed more than one dose of rescue fentanyl decreased in the experimental group, but the differences were not significant (P = 0.056). There were no significant differences between the groups in terms of operative blood loss (P = 0.978), vomiting, or postoperative bleeding (P = 0.474).

Conclusion: It is safe to administer IV ibuprofen 15 min before tonsillectomy, and it can significantly reduce the need for rescue fentanyl. IV ibuprofen should be considered as an important part of the multimodal approach for postoperative analgesia in children.

Clinical trial registration: Chictr.org.cn, identifier: ChiCTR2100044508.
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Introduction

Almost all children undergoing tonsillectomy experience considerable long-term pain and are afraid to swallow or eat because of severe throat pain. Adequate postoperative pain management in children remains challenging for several reasons, wherein the most essential is the lack of choices in pediatric analgesic drugs. Morphine-like analgesics such as fentanyl and sufentanil are widely used but are associated with a considerable incidence of nausea and vomiting. In addition, for children with obstructive sleep apnea syndrome, the above drugs may even increase the incidence of postoperative respiratory depression (1).

Non-steroidal anti-inflammatory drugs (NSAIDs) are an important component of multimodal pain management because of their anti-inflammatory effects (2). In addition, they are opioid-sparing and do not cause respiratory or central nervous system depression, making them an effective and safe option for children. However, there are some limiting factors in the use of NSAIDs for pediatric pain management. First, only a few NSAIDs are approved for perioperative analgesia in children, and “off-label” use is common in many clinical settings. Second, NSAIDs may interfere with platelet aggregation, thereby increasing the risk of bleeding. Third, most NSAIDs approved for children come in oral dosage forms and may increase preoperative gastric volume. Despite some concerns of postoperative bleeding, a previous study has shown that ibuprofen, a reversible NSAID, shows a good safety profile (3), and the American Academy of Otolaryngology-Head and Neck Surgery has specifically stated that “ibuprofen can be used safely for pain control after surgery” (4). Recently, long-awaited intravenous (IV) ibuprofen for pediatric analgesia has been approved by several countries, providing more options for postoperative analgesia management in children.

This randomized, double-blinded, placebo-controlled, single dose clinical trial evaluated whether IV ibuprofen used at the induction of pediatric tonsillectomy can reduce the use of postoperative analgesics and achieve an ideal analgesic effect.



Materials and methods

The study strictly adhered to the Helsinki guidelines, and all the guardians signed informed consent before enrollment.

The inclusion criteria were: (1) age between 6 months and 12 years; (2) American Society of Anesthesiologists physical status classification I–III; and (3) scheduled for tonsillectomy with/without adenoidectomy.

The exclusion criteria were as follows: (1) use of analgesics such as NSAIDs, tramadol, or local anesthetics 24 h before study drug administration; (2) history of severe allergic illness or hypersensitive to any of the medications in the study; (3) significant cognitive impairment; (4) history of gastrointestinal diseases or active bleeding; (5) history of serious cardiovascular diseases; (6) dehydration or abnormal renal function; (7) active asthma; and (8) obstructive sleep apnea (obstructive apnea-hypopnea index >10 times per h). Children over seven years of age were familiarized with the Oucher visual analog pain (VAS) scale upon enrollment in the study.

After the assignment, participants were randomly assigned to two groups in a 1:1 ratio: the IV ibuprofen and placebo groups. Children in the first group were given a single dose of 10 mg kg−1 (maximum 400 mg) IV ibuprofen. In contrast, children in the other group were administered volume-matched normal saline at induction of anesthesia. The investigators, patients, surgeons, and nurses in the post-anesthesia care unit (PACU) were blinded to the intervention assignments.

Standard perioperative care was set in this study. After the children entered the operating room, monitoring including oxygen saturation, blood pressure, bispectral index, and electrocardiogram, would be established. Experimental fluid was administered before induction. General anesthesia was induced with 2 mcg kg−1 fentanyl, 2–3 mg kg−1 propofol, 0.1 mg kg−1 cisatracurium, and 0.5 mg kg−1 dexamethasone. The experimental fluid was prepared by a pharmacist and administered for 15 min. Lidocaine cream was applied to the tracheal catheters, and endotracheal intubation was performed after spontaneous ventilation had disappeared. Anesthesia was maintained with propofol 10 mg·kg−1·h−1 and remifentanil (0.3–0.4 mcg·kg−1·min−1) at the beginning and was adjusted to maintain the bispectral index monitor at 40–60. Systolic blood pressure change was maintained within 20% of the baseline values.

A fully trained team performed all surgeries. The procedure was initiated at least 15 min after the experimental fluid was administered, and tonsillectomy was performed using only low-temperature plasma ablation. At the end of the surgery, 0.1 mg kg−1 tropisetron was administered to all children to prevent postoperative nausea and vomiting. The operating time was defined as the time interval between placement and removal of the mouthpiece. The children were extubated when adequate spontaneous breathing was observed, and they were transferred to the PACU.

In the PACU, nurses would console the patients and evaluate how well they were waking up. At 15 and 30 min after surgery, all children were assessed using the Faces, Legs, Activity, Cry, and Consolability (FLACC) scale. For children over seven years of age who were awake enough to describe pain, the VAS scores were used as a supplement. Rescue fentanyl (0.5 mcg kg−1) was administered when the FLACC was ≥7, or the VAS was ≥70 mm. The nurses monitored the children intensively and reassessed them every 5 min. If the pain score persisted above 7, fentanyl injections were re-administered.

After returning to the ward, the children were discharged with cold compresses to the neck. They watched cartoons and drank normal-temperature water as soon as possible. Oral ibuprofen was allowed to be used as needed for at least 4 h after surgery. The incidence of vomiting, infusion site discomfort, and postoperative bleeding was followed up for 24 h.

The primary outcome variable was the number of children who received rescue fentanyl. Additional endpoints included the number of children who received repeat rescue fentanyl, weight-based postoperative fentanyl dose, intraoperative blood loss, pain scores at 15, 30, and 120 min after the surgery, the incidence of postoperative nausea and vomiting, and postoperative hemorrhage.

Data with a normal distribution are presented as the mean ± standard deviation, and the differences among groups were compared using the independent sample t-test (Student's t-test). Non-normally distributed data are expressed as the median (interquartile range), and the Mann–Whitney U-test was used to compare the differences. Categorical data were reported as numbers (percentages) and compared using the chi-square test or Fisher's exact test. Two-tailed P-values < 0.05 was considered statistically significant. Statistical analyses were performed using the SPSS statistical package (version 25.0; IBM SPSS Inc., Chicago, IL, USA).

A sample size of 80 participants was calculated using PASS 15.0 (NCSS PASS, UT, USA) to provide at least 80% power and a 0.05 significance level to detect a 30% reduction in the number of patients who needed supplementary fentanyl (5). Ninety patients were required to enroll, considering a 10% loss to follow-up rate.



Results

A total of 123 children were screened, and 95 children were enrolled from March 19 to June 16, 2021. The flowchart diagram is illustrated in Figure 1. The distribution of the patient and surgical characteristics were not significantly different between the two groups (Table 1).


[image: Figure 1]
FIGURE 1
 Participant flow.



TABLE 1 Demographics.
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Of the 95 children recruited, five were excluded because of protocol violations. Ninety children were eligible for efficacy (45 in the experimental group and 45 in the placebo group) (Figure 1). In the IV ibuprofen group, the number of children who received postoperative fentanyl was significantly lower than that in the placebo group [6 of 45 (13%) vs. 14 of 45 (31%), respectively, P = 0.043]. In addition, the pain scores of the two groups decreased with time after surgery, and significant differences were observed at 15 (P = 0.06) and 30 min (P = 0.08) (Figure 2). Although there were no significant differences in the amount of the supplementary fentanyl dose and the number of children receiving repeat rescue fentanyl, all five patients in the placebo group needed repeat fentanyl (Table 2).


[image: Figure 2]
FIGURE 2
 The Faces, Legs, Activity, Cry, and Consolability (FLACC) scale during the 2 h postoperative period of two groups.



TABLE 2 Postoperative analgesic requirements and intraoperative blood lose.
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Adverse events (AEs) are listed in Table 3. A total of 21 (22%) patients had AEs, wherein the most common AEs were infusion site discomfort (12%) and vomiting (4.2%). There were no differences between the two groups in surgical blood loss, perioperative bleeding, vomiting, infusion site discomfort, or reoperation rate.


TABLE 3 Adverse events.
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Tonsillar fossa hemorrhage was noted in one patient in the placebo group. He experienced nausea after leaving the PACU, spitting out ~5 ml of bloody saliva. An ear, nose, and throat specialist examined the patient and did not observe active bleeding. Therefore, he did not undergo resurgery, and the bleeding ended ~10 mins later.



Discussion

Pain management after surgery in children remains challenging in many countries, mainly because of the following factors: first, the difficulty in pain assessment for children, especially in the early postoperative period; second, morphine-like analgesics, the essential component of pediatric postoperative pain treatment, may lead to several serious complications such as respiratory depression, sedation, and potentially apnea; and third, many NSAIDs are not authorized for pediatric use (6). Several studies have shown that pain management in children is usually inadequate (7–9). The precise use of drugs to achieve better analgesic effects is a common goal of pediatric anesthesiologists.

This was the first clinical trial evaluating the efficacy and safety of preoperative IV ibuprofen use in pediatric tonsillectomy in an Asian population. The analgesic activity of ibuprofen is related to its anti-inflammatory effects, and it can reduce the levels of cyclooxygenase (COX)-1 and COX-2-derived proteinoids in the blood (10). IV ibuprofen exerts its effects within 15 min, reaches the maximum concentration in 30 min (Tmax), and is metabolized by half in ~2 h. Therefore, for the pharmacology and pharmacokinetics analysis, we designed the study to determine whether IV ibuprofen used at least 15 min before surgery decreased the number of patients who received rescue fentanyl. The pain scores at 15 and 30 min were significantly lower in the IV ibuprofen group than in the placebo group. In addition, the number of children who needed rescue analgesia showed a significant reduction in the IV ibuprofen group. This indicates that IV ibuprofen has a preventive inhibitory effect on postoperative pain and is consistent with previous NSAID studies. Moreover, the number of children who required repeated rescue fentanyl and the weight-based amount of fentanyl in the two groups were similar. Notably, the cases requiring a second dose of rescue fentanyl were all from the placebo group [0 of 45 (0%) vs. 5 of 45 (11%), respectively, P = 0.056]; a larger sample size might lead to further results.

In children treated with preoperative IV ibuprofen, intraoperative or postoperative bleeding was not noted. Although there are concerns regarding the association between ibuprofen and perioperative hemorrhage, recent studies have shown that ibuprofen is safe for children undergoing tonsillectomy (11, 12). A meta-analysis involving 36 studies demonstrated no increased risk of bleeding in patients using NSAIDs after tonsillectomy (13). Similarly, a study including 6014 children found that when age is controlled, the incidence of post-tonsillectomy hemorrhage among patients treated with ibuprofen was not statistically increased compared to patients treated with codeine (14).

This trial's efficacy and safety findings are consistent with the postulate before the study and with those of several previous studies (1, 4, 6). This could provide more evidence for pediatric anesthesiologists to precisely manage postoperative pain in children and may reduce fentanyl dosage during induction.

Analgesia after tonsillectomy in children is a multi-pronged approach that includes pharmaceutical and non-pharmaceutical methods. During the first 15 min after awakening, it is difficult to differentiate between emergence delirium and pain in clinical practice (15). Therefore, nurses in the PACU console the children first when they cannot identify the cause of unsettling behavior. Other non-pharmaceutical measures, such as postoperative honey, ice lollipop, early drinking of water, and distraction, can also effectively relieve postoperative pain (2, 16). Rescue fentanyl was administered only to those who experienced severe pain (FLACC ≥7) to decrease the risk of opioid toxicity. The significant decrease in pain scores 2 h after surgery was associated with multimodal analgesic measures, including neck cold compression, early drinking, and watching cartoons. The pain scores were similar in the two groups 2 h after surgery, suggesting that ibuprofen was largely metabolized, which is consistent with the metabolic characteristics of ibuprofen.

An appropriate scale is essential for establishing baseline discomfort and measuring the response to treatment. In previous studies, different scales have been used to measure postoperative pain after tonsillectomy in children (1, 17–21). During the recovery period, children of all ages may not yet be able to express and quantify the degree of their pain; therefore, an observational tool seems more reliable. Voepel-Lewis et al. (22) conducted 73 observations on 29 ill adults and eight children to evaluate the reliability and validity of the FLACC. They found that “it can be used across populations of patients and settings, and the scores are comparable to those of the commonly used 0-to-10 number rating scale.” Pain assessment and management have become topics of interest (23), and further research is necessary to improve pain assessment in children after surgery.

The main limitation of this study was the anesthetic regimen containing fentanyl and remifentanil. This regimen has been used in our institution for years, and we retained it to reduce unnecessary exposure to postoperative pain. However, this may have clouded observations of the true effects of IV ibuprofen, which is more effective than the experimental results. Moss et al. (1) used less fentanyl in the induction period and maintained it with sevoflurane; significant reductions were observed in the doses of postoperative fentanyl, weight-based rescue fentanyl, and the number of patients who received more than one dose of fentanyl. Another limitation was the lack of age groups. In our study, infants younger than 6 months were excluded because previous research has shown that infants younger than 3–6 months metabolize analgesic medication differently than older children (24). The development of the nervous system in different stages of childhood may affect the way the body copes with pain and interventions. Previous studies suggested that postoperative pain is more severe in older children (25, 26). A large sample size with exact age stratification may have clarified the effects of IV ibuprofen more accurately and led to a more precise analgesic regimen for children. Third, this study only assessed the risk of postoperative bleeding in the first 24 h, which means that late bleeding events may have been missed. We intended to design a further study with an extended follow-up time of 14 days to observe possible bleeding caused by ibuprofen.

In conclusion, IV ibuprofen has a preventive inhibitory effect on pediatric postoperative pain and does not increase perioperative bleeding.
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Background: Intraoperative bleeding and allogeneic transfusion remain common problems in pediatric resective epilepsy surgery. Tranexamic acid (TXA) is a widely recommended antifibrinolytic drug that reduces blood loss and transfusion requirements for bleeding patients. Thromboelastography (TEG)-guided hemostatic algorithm is commonly used in bleeding management. This trial was designed to validate the efficacy of a multimodal coagulation therapy involving continuous TXA infusion with TEG-guided hemostatic algorithm in reducing allogeneic exposure risk in pediatric resective epilepsy surgery.
Methods: Eighty-three children undergoing resective epilepsy surgery were randomized into a treatment group (Group T; n = 42) and a control group (Group C; n = 41). Group T received prophylactic TXA (10 mg/kg followed by 5 mg/kg/h) with TEG-guided hemostatic algorithm, whereas Group C received conventional coagulation management. The primary outcome was allogeneic transfusion rate during surgery, and the secondary outcomes were intraoperative blood loss, incidence of postoperative seizures, and thromboembolic events during hospitalization.
Results: The incidence of intraoperative allogeneic transfusion reduced by 34.7% with the use of a multimodal coagulation therapy (19.0% in Group T vs. 53.7% in Group C; RR 0.355, 95% CI 0.179–0.704; p = 0.001). This was mainly triggered by a significant reduction (44.1%) in intraoperative plasma transfusion (7.1% in Group T vs. 51.2% in Group C; RR 0.139, 95% CI 0.045–0.432; p = 0.000). The risk of intraoperative RBC transfusion was lower in Group T than in Group C, but the difference was not statistically significant (14.3% in Group T vs. 29.3% in Group C; RR 0.488, 95% CI 0.202–1.177; p = 0.098). No platelets were transfused in both groups. Further, 19 (45.2%) patients in Group T received fibrinogen concentrates guided by TEG data, whereas 1 (2.4%) patient in Group C received fibrinogen concentrates empirically. There were no significant differences in estimated blood loss and postoperative seizures between the two groups, and no thromboembolic events were observed after surgery.
Conclusion: Prophylactic administration of TXA combined with TEG-guided hemostatic algorithm can be an effective multimodal coagulation strategy for reducing allogeneic transfusion requirements during pediatric resective epilepsy surgery.
Clinical Trial Registration: www.chictr.org.cn/index.aspx, identifier ChiCTR1800016188.
Keywords: tranexamic acid, antifibrinolytics, thromboelastography, epilepsy surgery, pediatric anesthesia, transfusion, blood loss, coagulation therapy
INTRODUCTION
Studies have shown that surgical treatment is valuable for certain children with medically intractable epilepsy (Sperling et al., 2016; Dwivedi et al., 2017). However, considerable blood loss and coagulation disorders are important risk factors that can compromise the safety of pediatric resective epilepsy surgery (Thudium et al., 2014). Children are associated with low absolute blood volume and relatively larger head-to-body ratio (Livingston and Lee, 2000), which made pediatric intracranial surgeries at high risk of intraoperative bleeding. Moreover, preoperative exposure to antiepileptic drugs (AEDs) could cause coagulation disorders, including thrombocytopenia, platelet dysfunction, hypofibrinogenemia, or acquired von Willebrand disease (Finsterer et al., 2001; Gerstner et al., 2006; Pan et al., 2007). In addition, extensive tissue injury during surgery can produce large amounts of tissue activators that activate plasmin from plasminogen, leading to hyperfibrinolysis. The acquired coagulopathy can aggravate intraoperative bleeding and increase allogeneic transfusion requirements (Goobie and Haas, 2014). Therefore, significant efforts should be made to optimize coagulation function and reduce the exposure to allogeneic products during pediatric resective epilepsy surgery.
No standard strategies have been previously recommended to optimize hemostatic systems for pediatric epilepsy surgery, and clinical transfusion practice is primarily based on a combination of subjective bleeding assessment and standard laboratory tests. Given that timely laboratory values cannot be obtained during surgery, allogeneic blood products, especially plasma and platelets, have usually been transfused at the discretion of the attending surgeon and anesthesiologist when significant blood loss was expected or occurred. This empirical transfusion strategy may lead to allogeneic blood abuse and waste and place patients at high risk for transfusion-related adverse outcomes (Stainsby et al., 2008; Lavoie, 2011).
Tranexamic acid (TXA) is an antifibrinolytic drug that competitively inhibits the conversion of plasminogen to plasmin, thereby blocking the proteolytic action of plasmin on fibrin clot, and as such inhibiting fibrinolysis during surgery (McCormack, 2012). Strong evidence has shown that prophylactic TXA use can reduce blood loss and transfusion requirements in surgeries for pediatric scoliosis, cardiac, and craniosynostosis without apparent morbidity or mortality (Dadure et al., 2011; Goobie et al., 2011; Pasquali et al., 2012; McNicol et al., 2016; Goobie et al., 2018). However, few studies have explored the role of TXA in pediatric resective epilepsy surgery.
Thromboelastography (TEG) is a point-of-care test that can be conducted in a relatively short period (15–30 min) and provides a comprehensive, graphical, and numerical evaluation of the patient’s clotting system. TEG can be used to guide transfusion practice during coagulation management, thus reducing the requirement of blood transfusion and improving surgical outcomes (Wikkelso et al., 2016). There is growing evidence supporting the use of TEG to manage surgical bleeding (Wikkelso et al., 2016; Feng et al., 2019; Spahn et al., 2019). However, such evidence has been primarily based on elective cardiac surgery, with limited studies investigating TEG-guided transfusion in craniotomies, especially for children.
In our center, we use a combination of continuous TXA infusion with TEG-guided coagulation management during hemispherectomy; this seems to have reduced the amount of blood loss and subsequent allogeneic transfusion requirements in our cases without promoting clinical complications involving thrombotic events and seizures (Xiao et al., 2016). Therefore, this clinical trial was conducted to assess the efficacy of the multimodal coagulation therapy during pediatric epilepsy surgery. We hypothesized that prophylactic administration of TXA combined with TEG-guided hemostatic algorithm would reduce allogeneic transfusion requirements during pediatric resective epilepsy surgery.
MATERIALS AND METHODS
Research design
This single-center, prospective, randomized, controlled clinical trial was conducted at Xuanwu Hospital of Capital Medical University (Beijing, China) from June 2018 to November 2021. The research was approved by the Ethics Committee of Xuanwu Hospital of Capital Medical University [LYS(2018)103] and registered at the Chinese Clinical Trial Registry (www.chictr.org.cn/index.aspx; identifier ChiCTR1800016188). All experimental procedures were conducted in accordance with the Declaration of Helsinki. Written informed consent was obtained from the patient’s parents or legally authorized representatives before enrollment into the study.
Participants
Patients meeting the following inclusion criteria were included: 1) diagnosis of symptomatic epilepsy, 2) scheduled for elective resection of epileptic focus, 3) aged 1–12 years, 4) body weight ≤40 kg, 5) American Society of Anesthesiologists physical status classification of I or II, and 6) provided written informed consent. The exclusion criteria were as follows: 1) accompanied with liver diseases, 2) accompanied with kidney diseases, 3) accompanied with hematological diseases, 4) family history of hemorrhagic diseases, 5) history of craniotomy, and 6) allergies to tranexamic acid. Patients with a duration of surgery of <3 or >8 h were excluded from analysis given that surgical procedures and consecutive blood loss might differ considerably.
Randomization and blinding
Enrolled patients were randomized into the treatment group (Group T) or control group (Group C) in a 1:1 ratio using a random digit table provided by a biostatistician at our center via SAS software (version 8.02; SAS Institute Inc., Cary, NC, United States). Allocation concealment was ensured by prepackaging the grouping information from the random digit table in sequentially numbered sealed opaque envelopes. The envelopes were kept by a nurse from the postanesthesia care unit who was blinded to this study. When a patient satisfied the inclusion criteria, the nurse opened the corresponding envelope and assigned the patient to the corresponding group. The patients, neurosurgeons, and the outcome assessor (a trained investigator, who collected postoperative data from the Electronic Medical Record System of our center), were all blinded to the group assignment.
Surgery and anesthesia
All surgical procedures were performed by one of two functional neurosurgeons who had >20 years of experience at our center. Anesthesia management in Group T was performed by a specific anesthesiologist who had been trained to conduct hemostatic strategies according to the protocol. The anesthesiologists who cared for the patients in Group C were assigned randomly according to the arrangement at our department.
All patients received general anesthesia as routinely practiced at our center. The following parameters were consistently monitored: electrocardiography, pulse oximetry, invasive blood pressure (IBP), bispectral index (BIS), nasopharyngeal temperature, partial pressure of end-tidal CO2 (PETCO2), and urine output. Patients were induced via intravenous propofol (2–3 mg/kg), sufentanil (0.3–0.5 μg/kg), and rocuronium (0.6–1 mg/kg). Thereafter, the patients were intubated and ventilated while maintaining the PETCO2 at 30–35 mmHg. When venous access was difficult in the conscious state, intramuscular ketamine (5–7 mg/kg) or sevoflurane administration through inhalation was conducted before induction. Arterial cannulation and central venous puncture were conducted after anesthesia induction. Total intravenous anesthesia was achieved via continuous infusion of propofol (6–10 mg/kg/h) and remifentanil (0.2–0.4 μg/kg/min), which was titrated to maintain a BIS value within 40–60, as well as heart rate and IBP within 20% of baseline. A crystalloid-based fluid was administered to compensate for the preoperative fasting period, basic physiological requirement and intraoperative blood loss, and to maintain hemodynamic stability and urine output of ≥1 ml/kg/h. Moreover, intraoperative heating devices were utilized as necessary to maintain a nasopharyngeal temperature of ≥36°C. Similarly, pH values and plasma calcium levels were optimized to their normal ranges during surgery. Blood salvage was used intraoperatively to collect autologous blood from the surgical site, immediately returning the recovered red blood cells to the patients in real time. To relieve postoperative pain, sufentanil (0.1–0.15 μg/kg) was administered intravenously 30 min before the end of the surgery, and local infiltration with 0.25% ropivacaine (≤1 ml/kg) was performed prior to scalp closure. All patients were extubated at the end of surgery.
Blood-gas analysis (ABL800, Radiometer Medical Aps, Bronshoj, Denmark) was performed at four time points [prior to incision (T1), during the cutting of the dura mater (T2), during suturing of the dura mater (T3), and after scalp closure (T4)], or more frequently as indicated. Red blood cells (RBC) were administered at a target level of 10 g/dl when hemoglobin concentrations obtained from the blood-gas analysis dropped to <8 g/dl. The amount of RBC administered was calculated as follows: amount of RBC (ml) = body weight (kg) × desired increment in hemoglobin concentration (g/dl) × 5 (Morley, 2009).
Hemostatic strategies in group T
After induction of anesthesia before the surgical incision, an initial bolus of TXA (10 mg/kg) (Changchun Tiancheng Company, Changchun, China) was infused intravenously in 15 min, followed by a continuous infusion at 5 mg/kg/h until the end of the scalp closure. If the cumulative dose of TXA reached 1 g before the end of surgery, the infusion would be stopped.
We employed kaolin-activated TEG analysis (TEG-5000, Haemoscope Corporation, Illinois, United States) to monitor the patient’s coagulation status and guide coagulation component supplementation. All the analyses were performed by an adequately trained anesthesiologist according to standard operating procedures. Whole blood samples for TEG analysis were obtained through a port located at the hub of the arterial catheter near the entry site. Dead space blood, up to 10 ml, was removed to avoid heparin contamination by the arterial flush solution. The collected samples were drawn into 1.8 ml vacutainers containing buffered sodium citrate (0.109 M, 3.2%). At 15 min after obtaining the samples, 1 ml of citrated whole blood was placed into a vial with a kaolin activator (#6300, Haemonetics Corporation) and mixed thoroughly by inversion 5 times. Then, 340 μl of citrated kaolin-activated blood was transferred to a 37°C warmed clear cup containing 20 μl of 0.2 M CaCl2 for analysis. The TEG analyzer was allowed to run until LY30 (lysis at 30 min; percentage reduction in the maximal amplitude of the TEG tracing after 30 min) could be determined. The specific TEG parameters that were measured included reaction time (R), coagulation time (K), α angle, maximal amplitude (MA), and LY30.
TEG tests were conducted at four time points (similar to that for blood-gas analysis), and additional tests could be performed at any time if necessary, such as if ongoing bleeding had occurred. The TEG-guided hemostatic algorithm is presented in Figure 1. Fibrinogen concentrate (Shanghai RAAS Blood Products Co., Ltd., Shanghai, China) was administered at 15–30 mg/kg when signs of fibrinogen dysfunction (K time >3 min or α angel <53°) were observed. Repeated fibrinogen concentrate was administrated if necessary. After hypofibrinogenemia had been corrected, fresh frozen plasma (FFP) of 10–15 ml/kg was transfused if R time was >10 min with obvious bleeding at the surgical sites, and platelet apheresis concentrate (PC) was administered when MA value was <50 mm. The dose of PC was 20 ml/kg if body weight was <15 kg, otherwise, 1 unit. Generally, supplementation of coagulation components was conducted only if relevant bleeding was observed, but not due to abnormal TEG results without signs of bleeding.
[image: Figure 1]FIGURE 1 | Flow chart for the TEG-guided hemostatic algorithm. TEG, thromboelastography; T1, prior to incision; T2, cutting of the dura mater; T3, suturing of the dura mater; T4, after scalp closure; K, coagulation time; α angle, angle of divergence; R, reaction time to clot formation; MA, maximum amplitude of clot strength; FFP, fresh frozen plasma; PC, platelet apheresis concentrate.
Conventional hemostatic strategies in group C
Neither TXA nor TEG tests were performed. Hemostatic strategies were selected in accordance with routine practice at our center. Coagulation components were transfused guided by standard coagulation tests, which could be performed at any time as indicated. When prothrombin time (PT) or activated partial thromboplastin time (APTT) prolonged >1.5 times normal, or plasma fibrinogen concentration ranged 1.5–2.0 g/L, FFP of 10–15 ml/kg was administered. Fibrinogen concentrate of 15–30 mg/kg was infused if plasma fibrinogen level was <1.5 g/L. Platelets were transfused if the platelet count dropped to <100 × 109/L. If laboratory coagulation values could not be promptly obtained, hemostatic products were transfused empirically in selected patients mainly depending on signs of microvascular bleeding as well as the patient’s hemodynamic parameters and consultant anesthesiologist’s experience.
Postoperative management
Postoperative bleeding management was performed at the discretion of the consultant neurosurgical team. Generally, transfusion strategies were selected according to signs of clinical anemia or bleeding and abnormal laboratory values. After surgery, the neurosurgeons made ward rounds twice a day, and examined the patients for symptoms and signs of complications, until the patients were discharged. Side effects, including thrombotic events (e.g., deep vein thrombosis or pulmonary embolism) and seizures, were noted in the Electronic Medical Record System.
Data collection
Demographic and baseline laboratory data, including age, height, weight, hemoglobin concentration, platelet count, PT, APTT, international normalized ratio (INR), and plasma fibrinogen level, were preoperatively obtained. Surgical data from both groups, such as type of resection, duration of surgery and anesthesia, infusion volume and urine output as well as TEG parameters (R, K, α angle, MA, and LY30) in Group T and standard coagulation parameters in Group C were collected during surgery. Intraoperative blood loss was estimated using standard clinical variables (blood in cell-savers and suction containers and sponge weight). Hemoglobin concentration and platelet count on the first day after surgery, blood products (including RBC, plasma, and platelets) transfused perioperatively, fibrinogen concentrate supplementation, length of hospital stay after surgery, and postoperative complications (including thromboembolic events and seizures) were recorded.
Outcome measures
The primary outcome was allogeneic transfusion rate during surgery, defined as transfusion of any allogeneic blood product, including RBC, plasma, or platelets. The secondary outcomes included intraoperative blood loss, incidence of postoperative seizures, and postoperative thromboembolic events during hospitalization.
Sample size calculation
Sample size was calculated according to the incidence of allogeneic transfusion during surgery. In our pilot study (n = 32), the allogeneic transfusion rates were 37.50% and 68.75% in Groups T and C, respectively. The sample size software PASS 11 (NCSS, Caseville, Utah, United States) estimated that a total of 39 cases was required for each group to detect a significant change in the allogeneic transfusion incidence, with a type I error α = 0.05 and type II error β = 0.2. Considering a withdrawal rate of 10%, the target sample size for each group was 43.
Statistical analyses
The groups T and C were compared with respect to demographics, baseline characteristics, transfusion requirements, and intraoperative and postoperative outcomes. All continuous variables were tested for normality using the Shapiro–Wilk test. Normally distributed data are presented as mean ± standard deviation (SD), and non-normally distributed data as median [25%–75% interquartile range (IQR)]. Continuous data with a normal distribution, such as age, height, preoperative platelet count, PT, INR, duration of surgery and anesthesia, postoperative hemoglobin level, and delta hemoglobin concentration (preoperative to postoperative day 1), were compared between groups by the independent-samples t-test. Intragroup comparisons of hemoglobin concentration between baseline and follow-up were analyzed using paired-samples t-test. Continuous data not conforming to a normal distribution, including weight, preoperative APTT, infusion volume, urine output, estimated blood loss, postoperative platelet count, and length of hospital stay after surgery, were compared between groups with the Mann–Whitney U-test. The Wilcoxon signed-rank test was applied to compare TEG values at different time points in Group T. Categorical variables, such as preoperative anemia (hemoglobin concentration <12 g/dl), preoperative hypofibrinogenemia (plasma fibrinogen concentration <2.0 g/L), type of extensive resection (hemispherectomy), allogeneic transfusion, fibrinogen concentrate administration, postoperative seizures and thromboembolic events, are expressed as N [percentages (%)] and compared between groups using the Pearson chi-square or continuity correction test as indicated. The relative risk (RR) and 95% confidence intervals (CI) between the two groups were calculated for data of allogeneic transfusion and postoperative seizures.
All statistical analyses were performed using SPSS software (version 20.0; SPSS Inc., Chicago, IL, United States), with a p value of <0.05 indicating statistical significance.
RESULTS
Demographic and baseline characteristics
A total of 102 patients were assessed for eligibility, and 16 patients were excluded prior to randomization. The 86 patients who satisfied the inclusion criteria were randomly and equally assigned to Groups T and C, with each group comprising 43 patients. One patient in each group was excluded from the analysis for having <3 h duration of surgery, whereas another patient in Group C was excluded due to TEG and TXA treatment for ongoing bleeding. Finally, 83 patients were included in the analysis (42 in Group T and 41 in Group C) (Figure 2).
[image: Figure 2]FIGURE 2 | Flow chart of the study. TEG, thromboelastography; TXA, tranexamic acid.
Demographic and baseline characteristics of both groups are summarized in Table 1. Baseline parameters, such as age, height, weight, preoperative laboratory values, percentage of hemispherectomies, duration of surgery and anesthesia, were comparable between both groups. Mean preoperative hemoglobin values were 12.35 ± 0.91 and 12.79 ± 0.99 g/dl in Groups T and C, respectively, with no difference in preoperative anemia (hemoglobin concentration <12 g/dl) between both groups (p = 0.369) (Table 1). Moreover, 15 (35.7%) and 13 (31.7%) patients in Groups T and C had hypofibrinogenemia (plasma fibrinogen level <2.0 g/L) preoperatively, with no difference with regard to the percentage of preoperative hypofibrinogenemia between the two groups (p = 0.699) (Table 1).
TABLE 1 | Demographic and baseline characteristics of the two groups.
[image: Table 1]Transfusion requirements
The requirements of allogeneic transfusion in Group T were significantly lower than that in Group C: intraoperative requirements (19.0% vs. 53.7%; RR 0.355, 95% CI 0.179–0.704; p = 0.001) and total perioperative requirements (31.0% vs. 56.1%; RR 0.552, 95% CI 0.326–0.934; p = 0.021) (Table 2). The risks of RBC transfusion were lower in Group T than in Group C; however, the differences were not statistically significant. Intraoperative and total risks of plasma exposure were significantly lower in Group T compared with Group C: intraoperative risks (7.1% vs. 51.2%; RR 0.139, 95% CI 0.045–0.432; p = 0.000) and total perioperative risks (19.0% vs. 53.7%; RR 0.355, 95% CI 0.179–0.704; p = 0.001) (Table 2). None of the patients in both groups required platelets transfusion. Further, 19 (45.2%) patients in Group T received fibrinogen concentrates guided by TEG data, whereas only 1 (2.4%) patient in Group C received fibrinogen concentrates because of a preoperative fibrinogen level of <1.5 g/L.
TABLE 2 | Transfusion of blood products and fibrinogen concentrate.
[image: Table 2]Surgical data and postoperative outcomes
Intra- and postoperative clinical outcomes and laboratory values are presented in Table 3. Accordingly, Group T intraoperatively received higher volumes of crystalloids than Group C. No significant differences were observed in terms of intraoperative colloid input, urine output, estimated blood loss, and postoperative values of hemoglobin and platelets in the groups. Postoperative hemoglobin levels decreased in both groups, with the reduction in hemoglobin from preoperative baseline to postoperative being comparable between both groups.
TABLE 3 | Intraoperative and postoperative clinical outcomes and laboratory values in both groups.
[image: Table 3]Both groups had comparable duration of hospital stay after surgery, with no thromboembolic events occurring in either group. Postoperative seizures of varying degrees occurred in four (9.5%) and five patients (12.2%) in Groups T and C, respectively, during their hospital stay, with no significant difference between the two groups (RR 0.781, 95% CI 0.225–2.705; p = 0.969) (Table 3).
Coagulation profile
TEG tests were administered for all 42 patients in Group T. TEG values showed that 13 (31.0%) patients in Group T had accompanying preoperative fibrinogen dysfunction (K > 3 min or α < 53° at T1) and in 6 other patients, fibrinogen dysfunction occurred later during the surgery. After fibrinogen dysfunction had been corrected, three patients exhibited clotting factors deficiency in the TEG tests.
TEG data for the four time points (mentioned above) are reported in Table 4. Median R values were higher for T1 (8.20 min) than for T2 (7.85 min), T3 (7.45 min), and T4 (6.30 min), with the difference between T1 and T4 being significant (Table 4). Median K values were also higher for T1 (2.40 min) than for T2 (2.20 min), T3 (2.10 min), and T4 (1.80 min), with differences reaching significance for all comparisons (Table 4). The median α angle values for T2 (63.50°), T3 (62.25°), and T4 (65.10°) were significantly higher than those for T1 (60.60°) (p < 0.05 for all), with similar findings observed for MA values (Table 4). Overall, changes in TEG values showed that the hemostatic system was enhanced over time during the surgery. LY30 values were significantly lower at T4 than at T1; however, all LY30 values were within normal limits, indicating that none of the patients in Group T developed hyperfibrinolysis. No intraoperative standard coagulation tests were performed in Group C.
TABLE 4 | TEG data in Group T.
[image: Table 4]DISCUSSION
The present study demonstrated that allogeneic transfusion requirements during pediatric resective epilepsy surgery reduced by 34.7% (RR of 0.355) with the use of an intraoperative multimodal coagulation therapy. The total risk of perioperative allogeneic blood exposure in Group T was also reduced by 25.1% (RR of 0.552), and this did not translate to lower postoperative hemoglobin concentrations. Moreover, no changes in postoperative outcomes of seizures or thromboembolic events were observed between the two groups. These findings suggest that the prophylactic administration of TXA combined with TEG-guided goal-directed hemostatic algorithm is an effective multimodal coagulation strategy for reducing allogeneic transfusion requirements during pediatric resective epilepsy surgery.
TEG is a viscoelastic test that can provide timely clotting and fibrinolysis information in the operation theater and guide direct supplementation of indicated blood components for appropriate coagulopathy (Whiting et al., 2015). The interpretation of TEG-5000 parameters from the User’s Manual is summarized in Table 5. TEG-guided component replacement has been described in a variety of previous reports on bleeding management (Walsh et al., 2011; Johansson et al., 2013; Christiaans et al., 2014; Kane et al., 2016; Sujka et al., 2018). The time to clot formation (R-time) was used as a guide for clotting factors, the speed of clot formation (K-time, or α angle) as an indication for fibrinogen level. It was reported that ∼80% of the clot strength was due to platelet contribution, and the remainder was the contribution of fibrin network (Wegner and Popovsky, 2010). Therefore, in the presence of normal fibrinogen level, overall clot strength (MA) was used to assess platelet function (Tanaka et al., 2014).
TABLE 5 | Interpretation of TEG-5000 parameters.
[image: Table 5]In the current study, TEG data revealed that 13 (31.0%) patients in Group T had accompanying preoperative fibrinogen dysfunction and 6 other patients experienced fibrinogen dysfunction later during surgery. After fibrinogen dysfunction had been corrected, only three patients exhibited clotting factors deficiency. Our results demonstrated that fibrinogen dysfunction was the main coagulopathy in pediatric resective epilepsy surgery. This could have been due to preoperative AEDs administration, which can impair hemostatic system, including a decrease in fibrinogen (Gerstner et al., 2006). Consistent with the mentioned finding, our laboratory results showed that approximately 1/3 of all patients showed complications of preoperative hypofibrinogenemia. Another reason for fibrinogen dysfunction may be craniotomy and intraoperative bleeding, considering Levy et al.’s (2012) finding that fibrinogen was the first coagulation factor that achieved a critical low value during massive blood loss. Evidence has shown that fibrinogen deficiency could further aggravate perioperative bleeding after craniotomy (Adelmann et al., 2014). Therefore, fibrinogen supplementation is vital for reversing and maintaining hemostatic function for pediatric epilepsy patients. Guided by TEG values, patients accompanied with fibrinogen dysfunction in Group T received directed fibrinogen concentration replacement. Thereafter, the hemostatic system was obviously optimized, as evidenced by a reduction in the K time and increase in the α angle and MA value.
The currently recommended threshold for perioperative fibrinogen replacement is 1.5–2.0 g/L (Kozek-Langenecker et al., 2017). Regarding the risk of increased intraoperative bleeding, one patient in Group C received fibrinogen concentrate for preoperative plasma fibrinogen level of <1.5 g/L, whereas other patients with preoperative hypofibrinogenemia (plasma fibrinogen concentrations ranging 1.5–2.0 g/L) received plasma transfusion. Since laboratory coagulation values could only be obtained in a long period of >2 h at our center, no intraoperative standard coagulation tests were performed in Group C. Intraoperative plasma transfusion in Group C was performed at the discretion of the attending anesthesiologists, mainly depending on signs of recurrent bleeding from the wound margins. Overall, 21 (51.2%) patients in Group C were transfused plasma traditionally to correct abnormal coagulation function and control microvascular bleeding. Generally, plasma is primarily recommended to correct coagulation factor deficiencies (Kozek-Langenecker et al., 2017). Studies have shown that plasma transfusion alone is inadequate to correct hypofibrinogenemia (Kozek-Langenecker et al., 2017). Bolliger et al. (2010) found that a minimum FFP transfusion volume of 20–30 ml/kg should be administered before expecting a significant increase in plasma fibrinogen concentration, whereas the frequently recommended FFP dosage ranges 10–15 ml/kg (Goobie and Haas, 2014). Fibrinogen concentrate, associated with decreased immunogenic and infectious complications and rapid availability (Levy et al., 2012), has recently been recommended to correct hypofibrinogenemia among pediatric surgery cases (Kozek-Langenecker et al., 2017). In the present study, after directed fibrinogen concentration replacement, only three (7.1%) patients in Group T required plasma transfusion because of clotting factors deficiency. Therefore, with the implementation of TEG-guided hemostatic algorithm, the risk of intraoperative plasma exposure was greatly reduced (by 44.1%, RR of 0.139). Our results are in accordance with the findings of Ak et al. (2009) and Schaden et al. (2012), where Ak et al. (2009) observed that a TEG-guided transfusion algorithm promoted a significant lower FFP exposure compared to physician-directed transfusion in patients undergoing elective coronary artery bypass grafting, and Schaden et al. (2012) reported a significant reduction in allogeneic transfusion after a viscoelastic testing-based coagulation strategy for bleeding burn patients. In addition, in the present study, as plasma transfusion was significantly reduced, more crystalloid was needed to replace and maintain intravascular volume in Group T (Table 3).
As an essential component of multimodal coagulation therapy, TXA has been the most widely recommended pharmacological agent for suppressing fibrinolysis and preventing perioperative bleeding in recent pediatric critical bleeding guidelines (Kozek-Langenecker et al., 2017; Goobie et al., 2019). However, only a few clinical trials are available on TXA administration for pediatric epilepsy surgery, which might be owing to the concern of side effects of TXA, particularly seizures. Evidence has suggested that TXA-associated seizures are dose-related, given that high TXA dosing schemes, such as 100 mg/kg or >2 g/d have been reportedly associated with seizures in high-risk patients who underwent cardiac surgery or those with pre-existing renal impairment (Murkin et al., 2010; Lin and Xiaoyi, 2016; Murao et al., 2021). Moreover, studies using low dosage regimens did not report increased risk of seizures in pediatric patients (Goobie et al., 2017; Faraoni et al., 2019; Murao et al., 2021). In our trial, we cautiously selected a lower dosage scheme (10 mg/kg loading dose followed by 5 mg/kg/h maintenance infusion) based on pharmacokinetic modeling in pediatric patients, which had been shown to produce stable and therapeutic TXA plasma concentrations (Goobie et al., 2013). We found no significant difference in the incidence of postoperative seizures between the two groups, which agree with the findings of Goobie et al. (2017) during pediatric craniofacial surgery. None of the patients in Group T developed a clinical thromboembolic event, which is consistent with the finding that appropriate TXA administration was not associated with increased risk of thrombotic events (Shakur et al., 2010; Shakur et al., 2017; Myles et al., 2017; Goobie and Faraoni, 2019; Roberts et al., 2019; Murao et al., 2021). These results indicate that the TXA dosage regimen we adopted could be well tolerated by pediatric epilepsy patients.
LY30 values, the gold standard in detecting hyperfibrinolysis (Haas et al., 2014), were all within normal ranges (<8%), demonstrating that no hyperfibrinolysis occurred in Group T. In addition, the LY30 values at T4 were significantly lower than that at T1, indicating that fibrinolysis was further inhibited by TXA administration. Our results confirmed that prophylactic TXA administration could be an effective coagulation therapy for pediatric epilepsy surgery.
Data regarding RBC transfusion in pediatric resective epilepsy surgery are scarce. Most studies were retrospective and reported risks of RBC exposure that varied from 30% to 51% (Manohar et al., 2011; Thudium et al., 2014; Vadera et al., 2015). In our study, the total perioperative RBC transfusion requirements were approximately 30%, which was comparable to the findings of Manohar et al. (2011) and Vadera et al. (2015) but significantly lower than the 51% reported by Thudium et al. (2014). An important reason underlying this might be the different settings of RBC transfusion trigger; this value was 8 g/dl in our trial and 9.5 g/dl in the study by Thudium et al. (2014). The restrictive hemoglobin threshold of 8 g/dl has been shown to be indicated and safe in pediatric craniotomies (Goobie and Haas, 2014). In our study, the requirements for RBC transfusion were lower in Group T than in Group C, which may confirm the efficacy of our multimodal coagulation therapy in reducing RBC exposure. Given that our sample size was calculated based on transfusion incidence of all allogeneic products, including RBC and plasma, more patients may be needed to achieve a statistical difference.
Pediatric resective epilepsy surgery has been associated with significant blood loss (Thudium et al., 2014). In our study, the median estimated blood loss (EBL) was 100 ml for both groups, which was lower than the value (150 ml) reported by Thudium et al. (2014). This may be because fewer complex surgeries (only three hemispherectomies in Group T vs. two in Group C) had been conducted in recent years at our center, given that hemispherectomies had a significantly higher EBL than single lobectomies (Manohar et al., 2011). In addition, advancements in microsurgical techniques and the extensive experience of our surgical team might also contribute to the decreased blood loss. No significant difference was observed in the EBL between the groups, perhaps due to two factors: 1) blood loss itself is difficult to evaluate accurately and 2) surgical and anesthesia techniques have been constantly refined given that the current study lasted for over 3 years, and blood loss in these surgical settings at our center has been lower than before; this suggests that a larger sample size might be needed to detect differences in blood loss.
The current study has several limitations. First, given that this coagulation management strategy is a bundled treatment protocol, the reduction in allogeneic transfusion in our study cannot be attributed to one specific treatment factor, and further studies separately evaluating the efficacy of TXA administration or TEG-guided hemostatic algorithm for pediatric resective epilepsy surgery are warranted. Second, no TEG analyses were performed in Group C; thus, we could not compare the difference in coagulation function between groups due to the lack of matching TEG values in Group C. Therefore, the conclusion that our multimodal coagulation therapy can activate the hemostatic system of pediatric epilepsy surgical patients should be interpreted with caution. Moreover, intracranial surgery itself could be combined with enhanced hemostatic system given that the injured brain could release tissue thromboplastin and activate the coagulation cascade (van der Sande et al., 1983). Third, although the recommended triggers of TEG parameters for coagulation therapy have increased over the last years, a universally accepted threshold for initiating clotting factor infusion, as well as the dose required to reach the targeted level, are still missing, especially for pediatric craniotomies. This needs to be verified by future clinical trials. Finally, while no thromboembolic events or increased incidence of postoperative seizures were observed in our study, it was not powered to make conclusions on safety of the multimodal coagulation therapy. Future larger multicenter trials in pediatric epilepsy surgery would be required to confirm the safety profile.
In conclusion, this study demonstrated that fibrinogen dysfunction was the main coagulopathy during pediatric resective epilepsy surgery. As a multimodal coagulation therapy for pediatric resective epilepsy surgery, the prophylactic use of TXA combined with TEG-guided hemostatic algorithm can optimize hemostatic function and promote lower risk of allogeneic exposure compared to conventional coagulation management strategies.
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The primary objective of this study was to systematically evaluate the clinical efficacy of intravitreal ranibizumab injection in the treatment for retinopathy of prematurity (ROP) in infants. The MEDLINE (PubMed), Embase, China Biology Medicine disc, Cochrane Library, Web of Science, WanFang Data, CNKI, and CQVIP databases were searched to collect randomized controlled trials (RCTs) comparing the efficacy of ranibizumab with laser treatment in ROP. The retrieval time was from 2007, on which ranibizumab was approved until 12 January 2022. Data were extracted based on predetermined inclusion and exclusion criteria. Two investigators employed QUADAS-2 to independently assess the quality of all eligible original studies. Following quality evaluation, we also performed a meta-analysis using STATA v 15.1 and RevMan v 5.4 and funnel plots were used to detect publication bias. A total of five RCTs were included in the meta-analysis. In this study, the regression rate of retinal neovascularization was used as the index of therapeutic effectiveness. According to the results, the retinal neovascularization regression rate of the intravitreal ranibizumab injection group was statistically higher than that of the laser therapy group [risk ratio (RR) = 1.26, 95% confidence interval (CI): 1.18–1.35]; however, the incidence of adverse events, including recurrence and complications, was not different between them (RR = 0.73, 95%CI: 0.19–2.80). Therefore, intravitreal ranibizumab injection may be more clinically effective than laser therapy in the treatment for ROP. The safety and efficacy of ranibizumab in the long-term treatment for ROP needs further investigation.
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1 INTRODUCTION
Retinopathy of prematurity (ROP) affects some preterm infants with low birth weight and exposure to high oxygen supplementation, which may lead to blindness in severe cases. Pathological progression of ROP begins at the immature stage of retinal vascular and neuronal development in preterm infants (stage I), followed by tissue ischemia leading to hypoxia-induced neovascularization (stage II) (Xu et al., 2018; Wang et al., 2019). Mild ROP resolves spontaneously with few sequelae, but severe ROP can lead to retinal detachment, severe visual impairment, and blindness. With constant developments in perinatal medicine the survival rate of preterm and low birth weight infants are improving. However, the incidence of ROP remains high, with approximately 28,300–45,600 infants being diagnosed annually with irreversible visual impairment due to ROP worldwide (Blencowe et al., 2013). Currently, cryotherapy, fusion laser photocoagulation, and vitreous injections are mostly used to reduce peripheral retinal neovascularization (RNV) (Marlow et al., 2021). Laser or cryotherapy is commonly used in children with lesions up until stage III, while vitrectomy or scleral buckling is often required following stage IV and onwards. Although laser therapy is standard, it can lead to extensive and permanent destruction of the retina and blood vessels, leading to the loss of peripheral vision (Rishi and Rishi, 2019). Vascular endothelial growth factor (VEGF) is of great significance in the occurrence and development of ROP. Usually, the VEGF concentration in the vitreous is high in children with ROP, which provides a theoretical basis for clinical anti-VEGF therapy (Sankar et al., 2018). The anti-VEGF monoclonal antibody, ranibizumab, can inhibit the expression of VEGF. This may control the intraocular neovascularization and subsequently achieve the goal of treatment of ROP (Mitchell et al., 2011; Aranda et al., 2019). This study aims to provide a basis for guiding clinical decision-making by exploring the effective rate and incidence of adverse events in the treatment of ROP, by comparing ranibizumab with laser therapy through a meta-analysis.
2 MATERIALS AND METHODS
2.1 Search strategy
Two researchers searched MEDLINE (PubMed), Embase, Chinese Biomedical Literature Database (CBM), The Cochrane Library, Web of Science, WanFang Data, CNKI, and VIP database for relative literature. Randomized controlled trials (RCTS) were conducted to compare ranibizumab with laser therapy in the treatment of ROP. The search time is set to build from database construction until to 12-01-2022. Subsequently, each reviewer manually re-evaluated whether the delivered literature fit the theme of the meta-analysis used in this study. English search terms included: ROP (MeSH terms), ROP (All Fields), Prematurity Retinopathies (All Fields), Prematurity Retinopathy (All Fields), Retrolental Fibroplasia (All Fields), Fibroplasia Retrolental (All Fields), Fibroplasias Retrolental (All Fields), and Retrolental Fibroplasias (All Fields). The above search terms are connected by OR, followed by AND with Ranibizumab (MeSH terms), RhuFab V2 (All Fields), V2 RhuFab (All Fields), and Lucentis (All Fields). Two researchers then conducted a review of all preliminary studies eligible for inclusion in the study to determine whether other relevant studies were included in the study.
2.2 Study selection and eligibility criteria
The inclusion criteria comprised of the following conditions: 1) The types of studies were a RCT; 2) The subjects were premature infants (gestational age <37 weeks) diagnosed with ROP by binocular indirect ophthalmoscope and retinal camera (RetCam); 3) The experimental group was given intravitreal injection of ranibizumab, and the control group was given laser treatment; 4) Outcome indicators were the number of effective treatment cases (including neovascularization subsided and bleeding decreased, additional lesions were alleviated, blood circulation was restored to the vascular occlusion area, and no intraocular infection and adverse events occurred) and the number of adverse events (including recurrence, high myopia, amblyopia, glaucoma, and other complications); 5) Published in English or Chinese. Exclusion criteria comprised of the following criteria: 1) The full text of the study was not available; 2) Literature on inconsistent interventions or outcome measures; 3) Non-Chinese or non-English literature; 4) Duplicate reports and studies without original data; 5) Literature without outcome indicators or where outcome indicators were not available.
2.3 Quality assessment
Cochrane literature quality evaluation tool was used to evaluate the quality of the included RCTS. The evaluation included whether random assignment was used, whether the assignment was hidden, whether blinding was used, whether the results were complete, whether the results were reported selectively, and whether there were other sources of bias. There are “low risk,” “high risk,” and “unclear” judgments for every project. Two researchers independently evaluated the quality of the five included studies.
2.4 Statistical analysis
RevMan v 5.3 and STATA v 16.0 software were used for statistical analysis. Dichotomous variables (response rate and incidence of adverse events) were analyzed by risk ratio (RR) and 95% confidence interval (CI). p < 0.05 indicated statistically significant differences. The heterogeneity was determined by the chi-square test and I2 to make a quantitative judgment. If no statistical heterogeneity among the results (I2 <50%), the fixed effect model was used. If there were statistical heterogeneity (I2 ≥50%), the random effects model for meta-analysis were used to find the source of the heterogeneity. For obvious clinical heterogeneity, we used subgroup analysis and sensitivity analysis, or only a descriptive analysis. Egger’s method was used to test the publication bias. STATA 16.0 was used for meta regression to find the cause of heterogeneity.
3 RESULTS
3.1 Characteristics of eligible literatures
The literature screening process and results are shown in Figure 1. We removed 92 duplicates from the original 177 articles retrieved from the databases. Subsequently, we excluded 68 unrelated articles and a variety of non-RCTs. Then, in order to further evaluate whether the remaining 17 studies met the conditions of our study, we obtained the full text of these 17 studies, and the results showed that 10 studies were not related to ranibizumab, one study had no data on ranibizumab response, and one study was a non-RCT study. Finally, we conducted quantitative analysis on five articles (Chen et al., 2018; Shi and Chen, 2018; Sun and Zhang, 2018; Stahl et al., 2019; Xin, 2021) that met the inclusion requirements.
[image: Figure 1]FIGURE 1 | Literature screening process and results.
3.2 The basic characteristics of the literature included in the study and the evaluation results of bias risk
Table 1 summarizes the relevant characteristics of the final five studies. The results of the quality evaluation chart made by the investigator with RevMan v 5.4 are shown in Figures 2, 3. All five eligible studies obtained moderate scores in the Quality assessment of Cochrane literature quality evaluation tool, indicating that the included RCTs have an overall medium risk of bias.
TABLE 1 | Basic characteristics of each study.
[image: Table 1][image: Figure 2]FIGURE 2 | Risk assessment of bias in all included studies:risk of bias graph.
[image: Figure 3]FIGURE 3 | Risk assessment of bias in all included studies:risk of bias summary.
3.3 Meta-analysis
3.3.1 Effective rate
A total of five RCTs were included in the meta-analysis of this study (Chen et al., 2018; Shi and Chen, 2018; Sun and Zhang, 2018; Stahl et al., 2019; Xin, 2021). The effective rate tested for heterogeneity in all included studies delivered I2 = 0% while the Q test showed p = 0.53, which indicated no heterogeneity among the literatures selected for this study (that is, heterogeneity does not have statistical significance). The fixed effect is selected to combine the effect size. The subsequent analysis indicates that the effective rate of ranibizumab injection was higher than that of laser therapy, and the difference was statistically significant [RR = 1.26, 95%CI (1.18, 1.35), z = 6.85, p < 0.00001] (Figure 4), which indicates that the efficacy of ranibizumab in the treatment of ROP was significantly better than treating with laser therapy alone, and the effective rate of intravitreal ranibizumab injection was 1.26 times that of laser treatment.
[image: Figure 4]FIGURE 4 | Forest plot: ranibizumab injection of retinopathy of prematurity (ROP) efficacy compared to laser treatment.
3.3.2 Adverse event rate
The adverse event rate tested for heterogeneity in all included studies delivered I2 = 86.9% while the Q test showed p <0.00001, which suggested that the heterogeneity among the literature selected in this study was statistically significant. The adverse event rates were then further inspected at Labbe Plot and Galbraith Radial Plot (Figure 5). By graphical analysis, we concluded that there is a moderate heterogeneity among the literature in this study, and the effect size can be combined with random effect. The final result for the analysis of adverse event rates delivered RR = 0.73 [0.19, 2.80], meaning the number of adverse events in the intervention group were a total of 73% compared with those in the control group, but were not statistically significant (z = 0.46, p = 0.65) (Figure 6). This suggested that although ranibizumab could reduce the adverse events of ROP, there was no statistically significant difference in the incidence of adverse events between ranibizumab and the control measure (laser treatment).
[image: Figure 5]FIGURE 5 | Investigation of the heterogeneity in the incidence of adverse events in retinopathy of prematurity (ROP) treated with ranibizumab and laser therapy: (A) Labbe Plot (B) Galbraith Radial Plot.
[image: Figure 6]FIGURE 6 | Forest plot: ranibizumab injection of retinopathy of prematurity (ROP) incidence of adverse events compared to laser treatment.
3.3.3 Meta-regression
STATA16.0 was used for meta-regression analysis of the causes of heterogeneity in the incidence of adverse events. According to the number of weeks of corrected gestational age, the study was divided into three groups: 30–34 weeks, less than 30 weeks, and 34–36 weeks, respectively. Meta-regression was conducted using group (number of corrected gestational age) variables as covariate, and the results suggested that the number of corrected gestational age was the source of heterogeneity. However, due to the small number of RCTS included, subgroup studies cannot be carried out. Figure 7 shows the results of meta-regression.
[image: Figure 7]FIGURE 7 | Results of meta-regression to find the cause of heterogeneity in the incidence of adverse events.
3.4 Sensitivity analysis and publication bias
Sensitivity analysis was used to find out the heterogeneous causes, and sensitivity analysis was conducted on the five manuscripts used in this study. It was concluded that there was no study with a large impact on heterogeneity. Figure 8 clearly illustrates that deletion of any study did not result in a significant change in results, so the sensitivity analysis did not examine the source of heterogeneity. A funnel plot was used to investigate whether there was publication bias in the five manuscripts used in this study. To test the bias of treatment effectiveness we obtained funnel plot symmetry (Egger’s test showed p = 0.364) and to test the bias of adverse events rate (Egger’s test showed p = 0.652) we also obtained funnel plot symmetry (Figure 9). Therefore, we concluded that there was no publication bias, which indicated that the conclusion of this study was accurate and reliable.
[image: Figure 8]FIGURE 8 | Sensitivity analysis of the incidence of adverse events between ranibizumab and laser therapy for retinopathy of prematurity (ROP).
[image: Figure 9]FIGURE 9 | Funnel plot indicating publication bias for treatment effectiveness (A) and adverse events rate (B).
4 DISCUSSION
ROP is a secondary complication of prematurity generally due to oxygen supplementation in NICU, in preterm infants with severe pulmonary, brain or heart problems. It is more common in premature and low weight infants, which can lead to amblyopia, cataracts, retinal detachment, etc. This usually have serious effects on the quality of life of premature infants, such as impacts on their language, movement, and social adaptability, while bringing heavy burden to the family and society (Dogra et al., 2017). Because of its serious consequences, ROP has become the focus of ophthalmological research worldwide. The pathogenesis is actually clear, while the risk factor are not univocally identified. In the past, condensation and photocoagulation were usually used in the treatment of ROP, which mainly damage non-vascular structures in the retina of children, so as to reduce the oxygen consumption of retina metabolism, and then achieve the effect of reducing the neovascularization growth factor induced by ischemia and hypoxia, and finally achieve the purpose of inhibiting the development of RNV and controlling the disease of children (Ge et al., 2021). However, laser is often accompanied by a series of complications such as undertreatment, overtreatment (retinal burn, retinal hiatus, exudative retinal detachment), vitreous hemorrhage, corneal burn, as well as the high technical skill required of ophthalmologists, which limits its wide application in clinical practice. In recent years, a large number of studies have reported the efficacy and safety analysis of anti-VEGF (ranibizumab) treatment compared with laser therapy for ROP, with contrasting results (Hosseini et al., 2009; Mintz-Hittner et al., 2011; Lepore et al., 2014; Karkhaneh et al., 2016; Zhang et al., 2017; Stahl et al., 2019).
Intravitreal injection of anti-VEGF drugs has become the preferred treatment for ROP (Chiang, 2018). Ranibizumab is a recombinant humanized anti-VEGF antibody fragment (Fab), which is an inhibitor of angiogenesis (Itatani et al., 2018). It is also known that VEGF is an important factor in the development of neonatal retinopathy (Uemura et al., 2021), and the mechanism of action of ranibizumab is clear it blocks the VEGFR signaling by binding to VEGFA, which means intravitreal ranibizumab injection can inhibit the expression of VEGF, reduce the generation of RNV, and recast newly generated new blood vessels (Bhandari et al., 2020), so as to play an important role in the treatment of ROP and ensure the function of the retina, which has good clinical effect (Lee and Shirley, 2021; Woo et al., 2021). The use of anti-VEGF drugs in the treatment of tissue damage is light, technically easy and quick to administer, and can safely treat critically ill patients presenting with refractive stroma turbidity (Sankar et al., 2018). In certain cases, anti-VEGF treatment even has more of the curative effect required for laser photocoagulation treatment (Stahl et al., 2019). Barry et al., 2021). At the turn of the century, it has been approved for the treatment of ocular neovascular diseases drugs. Furthermore, it can quickly penetrate the retina layer, has a small molecular weight, excludes segments of Fe, and has the advantage of diminished immune response (Dhoot and Kaiser, 2012; Jiang and Mieler, 2017). While anti-VEGF drugs have a distinct advantage in some cases (e.g., zone I disease or aggressive ROP), there are also disadvantages to this treatment, for example, after this treatment, the recurrence rate is still not low, which means anti-VEGF drugs do not effectively reduce the recurrence rate of the disease (Sankar et al., 2018), and often incomplete retinal vascularization, requiring vigilance and prolonged follow-up consultations (VanderVeen et al., 2017). According to the Cochrane review report, although the risk of early retinal dysstructure was reduced from 47.9% to 28.1%, and peripheral retinal ablation in early childhood was associated with a 13.6% reduction in the risk of visual impairment (Sankar et al., 2018). The treatment effect was remarkable, the recurrence rate was low, and the clinical application experience was extensive, which is still the current gold standard for ROP treatment. However, laser operation is more invasive than anti-VEGF intravitreal injections, and the general condition of patients may deteriorate after treatment (Anderson et al., 2014). Photocoagulation scarring affects peripheral visual field, and the high myopia rate increases after treatment (Anderson et al., 2014; VanderVeen et al., 2017; Yang et al., 2021).
This meta-analysis was conducted to evaluate the effective rate and incidence of adverse events in the treatment of ROP with ranibizumab and laser treatment. The results showed that the recovery rate in the ranibizumab group was higher than that in the laser therapy group, and the difference was statistically significant (p < 0.05), which suggests that the use of ranibizumab is clinically more effective in the treatment of ROP. There was no statistical difference in the incidence of adverse events between the two groups (p > 0.05), and the results may be biased due to the influence of follow-up time and follow-up indicators such as visual field assessment. Due to the small number of RCTs included, more high-quality clinical studies are needed for further verification. In addition, late recurrence of ROP represents a challenge during the follow-up phase and regular follow-ups should be emphasized. Otherwise, ROP recurrence will still occur in children with strabismus, amblyopia, retinal detachment and other complications. According to previous studies (Hartnett, 2017), follow-up of children with retinal vascularization or corrected gestational age of 45 weeks, no threshold lesions, retinal vessels have developed to zone 3 can be terminated if one of the above indications is met.
Shortcomings and prospects of this study: 1) The number of studies on some outcome indicators was small, and the outcome indicators were scattered; 2) The included indices were the number of cases and the number of researchers, and the results were inconsistent with the given parameters, requiring separate analysis; 3) The efficacy of different doses of ranibizumab may be different, and some studies have shown that 0.2 mg ranibizumab is more effective in the treatment of ROP (Stahl et al., 2019); 4) The treatment of ROP varies among different zones. Some studies have shown that anti-VEGF is more advantageous in the treatment of ROP zone I, but laser is better in the treatment of ROP zone II (Kuo et al., 2015). Because of the small number of studies and scattered outcome indicators, subgroup analysis was not feasible; 5) The study lacked comparisons with more established treatments such as vitreoretinal surgery; 6) Long-term effects on neurodevelopmental and functional ocular outcomes after treatment with ranibizumab or laser therapy were not included in this research.
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Sirolimus (SRL) is a mammalian target of rapamycin (mTOR) inhibitor. The whole blood concentration of SRL is routinely monitored to tailor dosage and prevent toxicity. Currently, the enzyme multiplied immunoassay technique (EMIT) is often applied to perform therapeutic drug monitoring (TDM) of SRL, but the cross-reactivity with various metabolites is of great concern. A more specific method is required, such as liquid chromatography–tandem mass spectrometry (LC-MS/MS). However, no study on the method comparison of the EMIT and LC-MS/MS for the measurement of whole blood SRL concentration in children with vascular anomalies has been reported. This study developed a simple and sensitive LC-MS/MS assay for the determination of SRL. Meanwhile, consistency between LC-MS/MS and the EMIT was evaluated by linear regression and Bland–Altman analysis. Whole blood samples were deproteinized with methanol for erythrocyte lysis, and the resulting solution was injected into the LC-MS/MS system using the positive electrospray ionization mode. The multiple reaction monitoring transitions of m/z 931.7 → 864.6 and m/z 934.7 → 864.6 were used for SRL and SRL-d3 as the internal standards, respectively. The analytes were separated on a C18 column with a gradient mobile phase (0.1 mM formic acid and 0.05 mM ammonium acetate in methanol/ultrapure water). Blood samples collected from children with vascular anomalies undergoing SRL therapy were tested by EMIT and by LC-MS/MS. The linear range of LC-MS/MS was 0.500–50.0 ng/ml and that of the EMIT was 3.50–30.0 ng/ml. A significant positive correlation between the two assays was established with a regression equation described as [EMIT] = 1.281 × [LC−MS/MS] + 2.450 (r = 0.8361). Bland–Altman plots showed a mean concentration overestimation of 4.7 ng/ml [95% CI: (−3.1, 12.6)] and a positive bias of 63.1% [95% CI: (−36.1, 162.3)] generated by the EMIT more than that of by LC-MS/MS. In conclusion, the two methods were closely correlated, indicating that switching between the two methods is feasible. Considering the overestimation nature of the EMIT assay, switching from the EMIT to the LC-MS/MS method deserves close attention and necessary re-evaluation for the target therapeutic reference range, may be required when methods are switched within the same clinical laboratory or results are compared between different laboratories.
Keywords: sirolimus, EMIT, LC-MS/MS, TDM, consistency, children, vascular anomalies
1 INTRODUCTION
Sirolimus (SRL) is a hydrophobic macrolide compound which was first isolated and developed as an antifungal drug (Sehgal, Baker et al., 1975; Vezina, Kudelski et al., 1975). Simultaneously, SRL exerts intensively immunosuppressive and antiproliferative activities due to its ability to inhibit the mammalian target of rapamycin (mTOR) (Sehgal 1995; Laplante and Sabatini, 2012). However, SRL has a narrow therapeutic window, and its clinical pharmacokinetics exhibits large intra- and inter-patient variability (Kahan, Napoli et al., 2000; Scott, Courter et al., 2013). Its side effects correlate closely to whole blood concentration; thus, the implementation of therapeutic drug monitoring (TDM) in whole blood samples for SRL is essential and beneficial to individualize dose regimens and ensure its efficacy and safety (Vogeser, Fleischer et al., 2002; Mano, Sato et al., 2011).
To routinely monitor the blood level of SRL, immunoassay methods have traditionally been involved (Sallustio, Noll et al., 2011). The enzyme multiplied immunoassay technique (EMIT) has been widely used for assaying endogenous and exogenous substances for a long time, and it is particularly useful in clinical TDM (Borgman, Hiemer et al., 2012). However, the EMIT shows poor specificity as it cannot distinguish the target analyte from its metabolite(s), which causes positive bias from true concentration values. Impressively, in our laboratory, where the EMIT assay has been applied to detect the whole blood SRL concentration for nearly 5 years for children with vascular anomalies, this method is still accompanied by some other weaknesses, including relatively high fluctuation of quality control (QC) samples and expensive reagent kit expenditure with a short validity period. Hence, more specific assays with better sensitivity and selectivity are required to alternatively measure the whole blood SRL concentration.
Liquid chromatography–tandem mass spectrometry (LC-MS/MS) has been widely applied for the analysis of low molecular weight molecules with the strengths of low interference, good selectivity, high degree of sensitivity, high throughput, and low costs per sample in terms of reagents (van den Ouweland and Kema, 2012). It allows the accurate determination of the target analyte(s) and/or its metabolites and ensures reliable results and superiority over other assays such as the EMIT (Nguyen, Duong et al., 2021). In clinical laboratories, the LC-MS/MS instrumentation provides great accuracy and is very suitable for routine TDM (Shipkova and Svinarov, 2016; Cui, Wang et al., 2020).
Recently, several LC-MS/MS methods with time-consuming solid-phase extraction, large sample size requirements or longer run time for each individual sample have been reported ((Salm, Taylor et al., 2000; Zochowska, Bartlomiejczyk et al., 2006; O'Halloran and Ilett, 2008; Morgan, Brown et al., 2014, Shi et al., 2016); Table 1). Some assays were suitable for routine TDM, but some others were not. Hence, the aims of this study were 1) to develop and validate an easy-to-use LC-MS/MS method for the analysis of SRL whole blood concentration; 2) to assess the method consistency between the newly validated LC-MS/MS and routine EMIT technique for SRL determination in our laboratory; and 3) to discuss the feasibility and necessity of the method switching from the EMIT to LC-MS/MS for routine SRL monitoring in clinical laboratories.
TABLE 1 | Comparison of this study with several previously published analytical methods for SRL.
[image: Table 1]2 MATERIALS AND METHODS
2.1 Liquid chromatography–tandem mass spectrometry method
2.1.1 Chemicals, reagents, and materials
The reference material of SRL (purity: 95%, Lot No. 8-RTU-49-1, expiry date: 2023-04-09) and its isotopically labeled internal standard (IS), SRL-d3 (technical grade, Lot No. 3-TKA-137-3, expiry date: 2023-10-08) were purchased from the Toronto Research Chemicals Inc. (Toronto, Canada). HPLC-grade methanol (MeOH) was bought from Merck KGaA (Darmstadt, Germany). ACS-grade formic acid (FA) and ammonium acetate (NH4AC) were obtained from Tedia Company Inc. (Fairfield, OH, United States) and Sigma-Aldrich Co. LLC (Wilmington, United States), respectively. Ultrapure water (UPW) was generated from a Milli-Q water purification system (Millipore Corp., Bedford, MA, United States).
Chromatographic columns including Kinetex 1.7 μm C18 100 Å (50 mm × 2.1 mm), Luna 5 μm C18 100 Å (50 mm × 2.0 mm), Gemini 3 μm C18 110 Å (50 mm × 2.0 mm), Kinetex 2.6 μm C18 100 Å (50 mm × 2.1 mm), Kinetex 5 μm C18 100 Å (50 mm × 2.1 mm), and security guard cartridges C18 (4 mm × 2.0 mm) were purchased from the Phenomenex Inc. (Torrance, CA, United States).
Cryopreserved human whole blood samples were supplied by the therapeutic drug monitoring lab (Children’s Hospital of Nanjing Medical University, Nanjing, China), which were left-over samples from the clinical testing. The study was performed in accordance with the Helsinki Declaration, and the study protocol was approved by the Children’s Hospital of Nanjing Medical University ethics committee (protocol number 202206114-1). This study aimed to evaluate the analytical consistency of the whole blood SRL levels generated by an EMIT assay and by an LC-MS/MS method, but no clinical and personal data were reported. Thus, the consent to participate is not applicable.
2.1.2 Liquid chromatography–tandem mass spectrometry conditions
This separation method was developed on a Jasper™ liquid chromatography system (AB Sciex Pte. Ltd., Singapore) with a binary pump (Sciex Dx™), an online degasser (Sciex Dx™), an auto-sampler (Sciex Dx™), and a column oven (Sciex Dx™). Liquid chromatographic (LC) separation was performed on a Kinetex C18 column, protected by a security guard C18 cartridge.
The mobile phase consisted of UPW (phase A) and MeOH (phase B), both containing 0.1 mM FA and 0.05 mM NH4AC. A gradient elution with a flow rate at 0.4 ml/min was programmed as follows: 0–0.4 min, 50% phase B; 0.4–0.41 min, 50–90% phase B; 0.41–0.85 min, 90–100% phase B; 0.85–1.8 min, 100% phase B; 1.8–2.2 min, 100–50% phase B; 2.2–3.0 min, 50% phase B. The analytical run time was 3.0 min, and the LC flow was only directed into the MS between 1.0 and 3.0 min. The temperature for the column and auto-sampler was 50°C and 4°C, respectively.
MS detection of SRL and SRL-d3 was conducted using a Triple Quad™ 4500MD system (AB Sciex Pte. Ltd., Singapore), equipped with an electrospray ionization (ESI) source. Quantification was operated in the positive ESI mode [ESI (+)], with multiple reaction monitoring (MRM) as the acquisition mode. The transitions and conditions are shown in Table 2. Other settings are as follows: curtain gas (CUR): 25 psi; collision-activated dissociation (CAD): 6 units; ion spray voltage: 5500 V; nebulizer gas (GS1): 40 psi; heater gas (GS2): 40 psi; ion source house temperature (TEM): 550°C. The LC-MS/MS system control and data analysis were performed using Analyst MD software (Version 1.6.3, AB Sciex Pte. Ltd., Singapore).
TABLE 2 | MRM transitions and conditions of SRL and SRL-d3.
[image: Table 2]2.1.3 Preparation of solutions, calibration standards, and quality control samples
Stock solutions of SRL (1.00 mg/ml) and SRL-d3 (1.00 mg/ml) were dissolved in MeOH. SRL stock solutions were further diluted with MeOH: H2O (1:1; v/v) to prepare working solutions. All the stock solutions and working solutions were stored at −80°C before use.
Calibration standards and QC samples were prepared by spiking the working solutions into a blank matrix (human whole blood) at a ratio of 1: 20 to achieve serial concentrations of calibration standard samples. The calibration curve was prepared at 0.500, 1.00, 2.00, 5.00, 10.0, 30.0, and 50.0 ng/ml. The following QC samples with concentration levels were 0.500 ng/ml (lower limit of quantification QC, LLOQ QC), 1.50 ng/ml (low QC, LQC), 15.0 ng/ml (medium QC, MQC), and 40.0 ng/ml (high QC, HQC).
2.1.4 Sample preparation
The aliquot of 100 μl of the whole blood sample was pipetted into a 1.5-ml Eppendorf tube. An aliquot of 200 μl of MeOH containing IS (15 ng/ml of SRL-d3) was added, followed by 300 μl of neat MeOH solvent. The mixture was vortexed for 10 min. After centrifugation at 12,000 rpm for 10 min at 4°C, 10 μl of the supernatant extract was injected into the LC-MS/MS system for analysis.
2.2 Method validation
The present method was optimized and validated using cryopreserved and fresh whole blood as matrices according to the Bioanalytical Method Validation Guidance for Industry published by the U.S. Food and Drug Administration (FDA) in 2018 (U.S. Food and Drug Administration, 2018).
2.2.1 Selectivity
Double blank samples from six different individual sources of the matrix were used to evaluate the selectivity of the analysis. The interference between the analyte and IS was assessed using human whole blood samples of zero blank containing IS and the upper limit of quantification (ULOQ) without IS.
2.2.2 Linearity and lower limit of quantification
Linearity of the LC-MS/MS assay was tested by analysis of all calibrators that were run in duplicate at the beginning and end of each batch, with concentrations ranging from 0.500 to 50.0 ng/ml for SRL. The ratio of the standard peak area to the IS peak area was plotted against the ratio of the standard concentration/IS for constructing calibration curves, and a 1/x2 weighting factor was used for linear regression.
The LLOQ, defined as the lowest point of the calibration curve, should be within an acceptable range for method accuracy and precision, and the signal-to-noise ratio (S/N) should be no less than 5.
2.2.3 Accuracy and precision
Four concentration levels of QC samples (LLOQ QC, LQC, MQC, and HQC) in six replicates were assessed for determination of the intra-batch accuracy and precision. The inter-batch accuracy and precision were established by the repeat of the intra-batch validation procedure in three consecutive batches prepared on different days. Accuracy is expressed as a relative error (RE, %), and precision is expressed as the relative standard deviation (RSD, %).
2.2.4 Recovery and matrix effect
Recovery was tested by spiking equal amounts of SRL and IS into aliquots of blank whole blood before and after extraction. The experiment was performed using three concentration levels (LQC, MQC, and HQC) for SRL, and each was measured six times. The recovery was calculated from the signal intensity ratios of the samples spiked before preparation to the samples spiked after preparation. The matrix effect was evaluated using six different sets of extracted blank blood samples and methanol samples with equal volumes of the analyte and IS added by repeated measurements (n = 3). To determine the matrix effect, the mean peak area of the blank blood samples that were extracted and spiked with the analyte and IS at the designated concentration was compared to the mean peak area of matrix-free, methanol-enriched samples. The matrix effects of SRL and IS were calculated in the same way, and then the matrix effect was assessed by IS-normalized matrix factors.
2.2.5 Stability
The stability of the analyte in the matrix was determined by LQC and HQC samples in triplicates after being kept in various storage conditions: room temperature, −80°C, and five freeze–thaw cycles. The post-preparative stability was tested by reanalyzing the LQC and HQC samples stored in the auto-sampler (4°C).
2.3 Enzyme multiplied immunoassay technique assay
According to the package insert, the Emit® 2000 SRL Assay is a homogeneous enzyme immunoassay containing mouse monoclonal antibodies with a high specificity for SRL. This EMIT assay is based on a competition of SRL antibody binding sites. SRL in the sample competes with SRL in the enzyme reagent that is labeled with recombinant enzyme glucose 6-phosphate dehydrogenase (rG6PDH). Active (unbound) rG6PDH enzyme converts the oxidized nicotinamide adenine dinucleotide (NAD) in the antibody reagent to NADH, resulting in a kinetic absorbance change that can be measured spectrophotometrically. Enzyme activity decreases upon binding to the antibody, allowing SRL concentrations to be measured in terms of enzyme activity. The liquid assay reagent kit (Siemens Healthcare Diagnostics Inc., Newark, NJ, United States) contains antibody reagent 1, buffer reagent 2, and enzyme reagent 3.
2.3.1 Reagents
Emit® 2000 Sirolimus Calibrators (Lot No. P1; expiry date: 2022-03-02), Emit® 2000 Sirolimus Assay (Lot No. P1; expiry date: 2022-04-09), and Emit® 2000 Sirolimus Sample Pretreatment Reagent (Lot No. N2; expiry date: 2023-05-10) were obtained from the Siemens Healthcare Diagnostic Ltd. (Newark, NJ, United States). Controls of SRL (Lot No. 0336; expiry date: 2024-11-30) were supplied by Bio-Rad Laboratories Inc. (Irvine, United States).
2.3.2 Assay performance
Sample pretreatment is required for red blood cell lysis, SRL solubilization, and protein precipitation prior to measurement on the EMIT analyzer. This was accomplished by adding 50 μl of the sample pretreatment reagent (Siemens Healthcare Diagnostics Inc.) and 200 μl of MeOH to 200 μl of real whole blood samples, calibrators, or controls in micro-centrifuge tubes. The samples were then vortexed for 5 min, followed by standing at room temperature for another 2 min, and then centrifuged at 12,000 rpm for 5 min at 4°C. The resulting supernatant is decanted and measured on the analyzer.
The SRL assay was carried out for 20 min. The following instrument parameters were established: a pretreated sample (28 μl) was added to reagent 1 (120 μl) and reagent 2 (60 μl). Following a 130-s incubation at 37°C, reagent 3 (60 μl) was added. The reaction mixture was monitored at 340 nm, 106 s after the addition of reagent 3. Using SRL calibrators analyzed in duplicate, the data were fitted to a parametric logit mathematical equation. Sample results were calculated by the instrument from the stored calibration curve.
The whole blood SRL concentration was assayed using an automated enzyme immunoassay analyzer (SIEMENS, Munich, Germany). The calibration curve of the assay was prepared at 0.00, 3.00, 6.00, 12.0, 24.0, and 36.0 ng/ml. QC samples were accepted if the deviation did not exceed ±15% to ensure the accuracy and precision of the EMIT method.
2.4 Comparison of sirolimus concentrations generated by liquid chromatography–tandem mass spectrometry and by the enzyme multiplied immunoassay technique
Post completing the routine SRL monitoring by the EMIT assay and reporting results to clinicians, the left-over whole blood specimens were determined again by the newly validated LC-MS/MS. All samples were collected between June and December 2021. These samples are routinely transported to our laboratory for monitoring the whole blood SRL levels in children with vascular anomalies. In brief, 114 blood samples were collected from 49 children at the Department of Orthopedics, Children’s Hospital of Nanjing Medical University. The concentration results generated by LC-MS/MS and the EMIT were compared statistically.
2.5 Morphological examination of red blood cells
Blood smears were stained with Wright–Giemsa stain (Baso Diagnostics Inc., Zhuhai City, Guangdong Province, China). First, an aliquot of 0.5–0.8 ml solution A was dropped onto smears and stained for 1 min. Then, solution B was added to solution A (the volume of solution B was two to three times that of solution A). A ear washing bulb was used to make the liquid surface ripple by blowing out the breeze and mixing two solutions thoroughly. After staining for 4–10 min, the smears were rinsed. Dried smears were examined under a BX51 microscope (Olympus Corp., Tokyo, Japan), and images were collected through J D 801 series medical imaging workstation system software.
2.6 Statistical analysis
GraphPad Prism Software (version 8.3.0, CA, United States), Medcalc software (Ostend, Belgium), and Analyse-it Software (version 5.66, Leeds, United Kingdom) were used to statistically analyze all data. Linear regression analysis was performed by GraphPad to estimate the association between the assays. The Bland–Altman difference plot, which can be drawn by MedCalc software, is helpful in demonstrating the potential relationship between the differences and the magnitude of measurements exhibiting any systematic bias and in identifying possible outliers. Weighted Deming regression was performed by Analyse-it to complete the data comparison.
3 RESULTS AND DISCUSSION
3.1 Optimization of the analytical method
3.1.1 Mass spectrometric parameter optimization
The majority of LC-MS/MS methods for measurement of SRL concentration have used ESI as the ion source (Koster, Dijkers et al., 2009; Ivanova, Artusi et al., 2011; Koster, Alffenaar et al., 2013; Yuan, Payto et al., 2014; Morgan, Nwafor et al., 2016). SRL did not readily protonate under ESI conditions because it is neutral, but SRL will preferentially form adducts with cations (e.g., Na+, K+, and NH4+) (Taylor 2004). Bogusz, Enazi et al. (2007) revealed the presence of the ammoniated adduct of SRL through syringe infusion experiments in the mobile phase in full scan mode. In line with Bogusz, Enazi et al. (2007), the ammonium adduct ions were confirmed for SRL and SRL-d3 in this study. The MS/MS spectra of SRL and SRL-d3 are shown in Figure 1A.
[image: Figure 1]FIGURE 1 | Typical MS/MS product ion spectra of SRL and SRL-d3. The experiment was performed under Manual Tune mode by a syringe infusing the standard solution of SRL and SRL-d3 (100 ng/ml) at a rate of 5 μl/min (A). Interference of IS in blank samples spiked with IS only. The difference in chromatographic run time in (A) is due to the different gradient (B).
3.1.2 Mobile phase and gradient elution optimization
During initial method development, an attempt was made to optimize the mobile phase. Mobile phase selection is critical since it affects analyte selectivity and resolution. At first, MeOH was chosen as the organic phase because it was commonly used in our laboratory and was relatively economic and less toxic. No improvement in signal intensity or peak shape was found when ACN was alternatively tested as the mobile phase B. Thus, the mobile phase consisted of UPW (phase A) and MeOH (phase B). In addition to the properties of the target analyte and mobile phase composition, the solution environment is also critical for the sensitivity of ESI-based MS detection because of its key role in the nebulization and ionization process. The mobile phase modifiers (including the type and percentage of the organic solvent used and the type and concentration of the electrolyte added) affect the ionization efficiency and MS response of the target analytes (Li, Tian et al., 2012). In the current study, FA and NH4AC were next examined for the candidate modifiers. Seven concentration levels of FA (0.008, 0.04, 0.1, 0.2, 0.5, 1, and 5 mM) were tested, and the optimal result appeared to be achieved with the 0.1 mM FA-modified mobile phase. Due to the [M + NH4]+ as the MRM transitions, eight concentration levels of NH4AC (0.05, 0.1, 0.2, 0.5, 1, 2, 5, and 10 mM) were further examined, and the best result seemed to be achieved under the 0.05 mM NH4AC. Collectively, the mobile phase contained 0.1 mM FA and 0.05 mM NH4AC.
In the reversed-phase LC, method development often starts with a gradient elution separation. From such separation, it is likely to evaluate whether isocratic or gradient elution is appropriate for a given target analyte or more and test either the solvent strength for isocratic separations or the gradient range for gradient elution. Gradient elution is more attractive as it offers a favorable approach to significantly reduce the time required (Jandera, 2006). In this study, we found that SRL and SRL-d3 were efficiently eluted at a high proportion of MeOH during the early stages of the experiments. The starting proportion of the UPW phase was 50%, and the MeOH percentage in the equivalent elution was examined from 80% to 100%. At last, the optimal elution ability and ionization efficiency were acquired when the organic phase proportion was 100%.
3.1.3 Selection of the chromatographic column
The particle size of a column packing affects the efficiency (theoretical plates) of a column. Smaller particle size helps optimize the performance of the LC-MS/MS method, attributing to shorter column lengths, higher optimum eluent velocities, and lower theoretical plate heights (Chen, Li et al., 2014). In addition, smaller particles can be used to enhance chromatographic resolution and decrease the analysis time (Nguyen, Guillarme et al., 2006). Therefore, in this study, we next investigated the influence of different columns on the performances of SRL and SRL-d3 when other chromatographic conditions remained unchanged. The particle size varied from 1.7 to 5 μm, while the column length was fixed at 50 mm. Finally, the C18 column with a 50-mm length (2.1 mm ID) and 1.7-μm particle size in diameter (pore size, 100 Å) was selected, thereby achieving the optimal response and peak shape.
3.1.4 Internal standard concentration selection
In addition to the mobile phase used, chromatographic separation, and sample processing, the IS selection also contributes to the method performance (Valbuena, Shipkova et al., 2016). The IS compensates for those unavoidable assay variances and is widely used in quantitative LC-MS/MS bioanalysis for improving both the precision and accuracy of the assay (Lowes, Jersey et al., 2011). Ideally, a stable-isotope labeled chemical is preferred as it has exactly the same structure as the analyte and co-elutes with it (Fu, Barkley et al., 2020). In this study, SRL-d3 was utilized, and the concentration of SRL-d3 was initially set at 200 ng/ml, but the IS interfered seriously with SRL there. The SRL-d3 concentration was subsequently reduced to 50 ng/ml, but the interference still existed. Interestingly, when the SRL-d3 level was set at 15 ng/ml, the interference could be ignored and the MS response of the IS became stable (Figure 1B).
3.2 Sample cleanup optimization
SRL was distributed predominantly (about 95%) into red blood cells (RBCs), with only a small proportion of the drug being found in the plasma fraction (Stenton, Partovi et al., 2005). From the TDM standpoint, the preferred matrix for SRL measurement would be whole blood (Yatscoff, LeGatt et al., 1993). Optimum recovery of SRL from whole blood has proven to be problematic such as crosstalk interference and sacrificed recovery due to inappropriate clean-up methods in the past when compared with other common immunosuppressant drugs (Morgan, Brown et al., 2014). Therefore, the ability to lyse RBCs of the cleanup method can affect the results of concentration measurement. Therefore, in this study, we investigated the efficiency of the sample processing method on RBC lysis. Cryopreserved whole blood and fresh whole blood were treated in different ways and then stained with Wright–Giemsa stain to observe the RBC morphology under a microscope. Handling methods for whole blood samples include 1) spiking the working solution only, 2) up-and-down mixing after the addition of MeOH, and 3) vortexing for 10 min after the addition of MeOH. The results showed that up-and-down mixing after the addition of the precipitant was sufficient to lyse RBCs in fresh whole blood. The cells in the cryopreserved whole blood which has been cryopreserved for a long time showed a lysis state even after only spiking handling (Figure 2). Therefore, the sample cleanup method in this study was capable of lysing RBCs.
[image: Figure 2]FIGURE 2 | Effect of different treatments on red blood cell disruption. Group A represents fresh whole blood; group B represents cryopreserved whole blood. A-1: Fresh whole blood spiked only; A-2: fresh whole blood precipitated with methanol and mixed up-and-down; A-3: fresh whole blood precipitated with methanol and vortexed for 10 min. B-1: Cryopreserved whole blood spiked only; B-2: cryopreserved whole blood precipitated with methanol and mixed up-and-down; B-3: cryopreserved whole blood precipitated with methanol and vortexed for 10 min.
3.3 Liquid chromatography–tandem mass spectrometry method validation
3.3.1 Selectivity
There was only negligible interference in all double blank samples at the retention time of SRL. Good selectivity was confirmed between SRL and SRL-d3.
3.3.2 Linearity and lower limit of quantification
The MS response was linear across the calibration range for SRL with a correlation coefficient no less than 0.990. The S/N of the LLOQ of SRL was > 5.
3.3.3 Accuracy and precision
The accuracy and precision results are summarized in Table 3. Both intra- and inter-batch accuracy and precision were acceptable (LLOQ QC: RE and RSD are < 20%, and others: RE and RSD are < 15%).
TABLE 3 | Intra-batch and inter-batch precision and accuracy for SRL in cryopreserved and fresh human whole blood.
[image: Table 3]3.3.4 Recovery and matrix effect
The extraction recovery, measured at three different concentrations over the whole calibration range (n = 6 for each individual concentration level), was adequate. The post-extraction addition tests show that ion suppression or ion enhancement was not a problem with the present method (Table 4).
TABLE 4 | Recovery and matrix effect of SRL in cryopreserved and fresh human whole blood.
[image: Table 4]3.3.5 Stability
The stability of SRL in human whole blood at room temperature, at 4°C in the auto-sampler, and at −80°C for the long term and after five freeze–thaw (−80°C) cycles were acceptable as shown in Table 5.
TABLE 5 | Stability of SRL in cryopreserved and fresh human whole blood (n = 3).
[image: Table 5]3.4 Enzyme multiplied immunoassay technique assay
A calibration curve with a range of 3.00–36.0 ng/ml was automatically obtained from the Viva-E automatic enzyme immunoassay analyzer, while the analyzer has a reportable concentration range of 3.50 ng/ml (based on detection limit and instrument sensitivity) to 30.0 ng/ml. Quantitative results above 30.0 ng/ml can be evaluated by diluting and re-assaying the sample at a higher concentration and multiplying the result by the dilution factor. The concentration was calculated by the formula as shown in Table 6.
TABLE 6 | EMIT Formula for SRL concentration calculation.
[image: Table 6]Our laboratory conducted three concentration levels of QC samples to control inter-day variation. The deviations of QC samples over the period of clinical sample collection and detection were from −13.6% to 14.6%.
3.5 Comparison of sirolimus concentrations generated by liquid chromatography–tandem mass spectrometry and by enzyme multiplied immunoassay technique
To the best of our knowledge, this is the first study focusing on the consistency evaluation of SRL concentrations generated by the EMIT and LC-MS/MS. Briefly, 114 blood samples were measured by two methods. SRL concentrations measured by the EMIT and by LC-MS/MS were 11.0 ng/ml (median, range 3.60–41.6 ng/ml) and 7.61 ng/ml (median, range 1.27–34.5 ng/ml), respectively. The median concentration of whole blood SRL determined by the EMIT was higher by 1.45 fold than that by LC-MS/MS.
Kolmogorov–Smirnov analysis and D’Agostino–Pearson test both revealed that the distribution style of the concentration data obtained from the LC-MS/MS or EMIT method was non-normal distribution. Spearman’s correlation analysis indicated that the data from two assays were significantly correlated (p < 0.0001). A regression equation was obtained as follows:
[EMIT] = 1.281 × [LC−MS/MS] + 2.450
with r = 0.8361 (Figure 3A), which revealed a good correlation between the two methods.
[image: Figure 3]FIGURE 3 | Correlation of the regression curve for LC-MS/MS and EMIT assay (n = 114) (A). Differences between mean whole blood SRL concentrations (ng/ml) generated by LC-MS/MS and by EMIT assay expressed as absolute bias (n = 114) (B).
There were disparities between the SRL concentrations generated by the EMIT and by LC-MS/MS plotted against the mean level determined by two methods (Figure 3B). The levels of the whole blood SRL measured by the EMIT were higher than those determined by LC-MS/MS [positive bias: 4.7 ng/ml; 95% CI: (−3.1, 12.6)]. The Bland–Altman difference plot in Figure 4 shows the relative difference calculated by [(EMIT)–(LC-MS/MS)/(LC-MS/MS)], plotted against the LC-MS/MS results. There was a mean positive bias of 63.1% [95% CI: (−36.1, 162.3)] compared with the LC-MS/MS assay. Overall, the Bland–Altman difference plots suggested that the EMIT systematically overestimated SRL levels in whole blood compared to LC-MS/MS data. In addition, the data comparison was also performed by Weighted Deming regression. The Deming plot also revealed a mean positive bias for the EMIT (Figure 5).
[image: Figure 4]FIGURE 4 | Relative differences between mean whole blood SRL concentrations (ng/ml) generated by LC-MS/MS and by the EMIT assay expressed in percentage (n = 114).
[image: Figure 5]FIGURE 5 | Weighted Deming Plot between SRL concentrations generated by the EMIT and LC-MS/MS methods.
The EMIT is easily operated but has a number of shortcomings such as high cost per sample, low specificity, and falsely elevated concentrations (Mika and Stepnowski, 2016). LC-MS/MS is currently used as a gold standard assay for measuring the concentration of SRL because it is known for negligible interference (Lee, Kim et al., 2019). In the current study, the whole blood concentration of SRL from the EMIT was higher than that generated by the LC-MS/MS method. A mean overestimation of about 63.1% was observed. Similar results were reported in other comparison studies performed to investigate the difference between the immunoassay and LC-MS/MS. Fillee, Mourad et al. (2005) found a global overestimation of about 15% by microparticle enzyme immunoassay (MEIA) compared with LC-MS/MS. The mean MEIA bias was found to be 11.5% compared with LC-MS/MS in a correlation study by Vicente, Smith et al. (2006), and Salm, Taylor et al. (2000) revealed a mean overestimation of 42.5% by MEIA compared with LC-MS/MS. The difference between these MEIA studies and the present study may be due to the different determination principles of MEIA and the EMIT.
In general, immunoassay results were overestimated compared to LC-MS/MS (Lee, Kim et al., 2019). LC-MS/MS has excellent reproducibility and low interference, suggesting that it is an unlikely source of overestimation. The most likely explanation for the bias would be non-specific binding to antibodies, known as cross-reactivity. Immunoassay cross-reactivity has been demonstrated between SRL and its 41-O-desmethyl (86–127%) and hydroxy (44–50%) metabolites (Jones, Saadat-Lajevard et al., 2000). In addition, SRL and its major metabolites have significant cross-reactivity with everolimus (Baldelli, Crippa et al., 2006; Bouzas and Tutor, 2007; Khoschsorur, Fruehwirth et al., 2007), although they are unlikely to be administered simultaneously to patients. Moreover, the matrix effect can also significantly compromise the performance of immunoassays (Sallustio, Noll et al., 2011). Additionally, deviations may also be caused by inaccurate calibration before measurement and hematocrit (Sallustio, Noll et al., 2011; Sturgeon and Viljoen, 2011). Therefore, all of these potential causes likely act in a synergic way, and the final effect observed is hardly due to the cross-reactivity.
One more question needs to be further considered. Early studies suggested a whole blood SRL therapeutic window of 5–15 ng/ml or 6–12 ng/ml (in combination with tacrolimus) using MEIA as the detection method (MacDonald, Scarola et al., 2000; McAlister, Gao et al., 2000). Another report in the same year showed that a trough concentration window of 5–15 ng/ml measured by an HPLC instrument combined with an ultraviolet detector (HPLC-UV) could be regarded as the putative target for dose tailoring (Kahan, Napoli et al., 2000). Furthermore, the therapeutic window recommended for trough SRL concentration in patients on triple therapy with cyclosporine, corticosteroids, and SRL was 4–12 ng/ml, determined by HPLC-UV or LC-MS/MS (Oellerich, Armstrong et al., 2004). These reports revealed that the detection methods had no influence on the target range definition for blood SRL monitoring. Our study found a good correlation between the EMIT and LC-MS/MS, indicating that switching between the two methods was feasible. However, when switching from the EMIT to an alternative LC-MS/MS method, clinical TDM laboratories need to explain the results to clinicians and patients that the decrease in concentration results was due to an overestimation of the previous EMIT. More emphasis should be simultaneously placed on efficacy and safety rather than just concentration data.
4 CONCLUSION
This study compared the whole blood SRL concentrations generated by a routine EMIT and by a newly validated LC-MS/MS assay using a number of whole blood samples from children with vascular anomalies. In summary, there was a close correlation between the two methods, but EMIT assay significantly overestimated SRL concentrations by 63.1% compared with the LC-MS/MS method. Switching from the EMIT to the LC-MS/MS technique for routine TDM of SRL deserves great concern. Moreover, the results generated by LC-MS/MS are closer to the true values; therefore, necessary re-evaluation for the target therapeutic reference range may be required when methods are switched within the same clinical laboratory or results are compared between different laboratories.
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Background: Lacosamide (LCM) is a newer anti-seizure medication (ASM) that was approved in China in 2018, but its real-world clinical data and plasma concentrations in Chinese children with epilepsy are very limited. Of note, the reference range for routine LCM therapeutic drug monitoring is still unknown. The purpose of this study was to investigate the efficacy and safety of LCM as a monotherapy or an adjunctive treatment with other ASMs and to evaluate the potential factors affecting its efficacy and variable LCM plasma concentrations in Chinese children with epilepsy.

Methods: Children with epilepsy (<18 years) with routine plasma LCM monitoring from March 2019 to December 2021 at the Department of Pharmacy, Children's Hospital of Nanjing Medical University were retrospectively collected. Clinical data were obtained from the hospital information system.

Results: 76 pediatric patients (52 males) were finally enrolled. Mean age was 7.9 years (1.3–17.3 years) with a mean dose of LCM 6.3 mg/kg/day (2.0–11.3 mg/kg/day). The TDM data as a whole showed that the median plasma trough concentration (C0) was 3.42 μg/mL (1.25–8.31 μg/mL). A 6-month LCM add-on therapy produced 70% of patients achieving ≥50% seizure frequency reductions, and the number was 81% for the one-year follow-up findings. Interestingly, more patients who took LCM monotherapy achieved seizure freedom over the same periods of follow-up observations. Under maintenance dosages, approximately 92.1% of the C0 values were 2.0–7.0 μg/mL. The plasma-C0-to-daily dose (C0/Dose) ratio was significantly associated with age and body weight (BW). The C0/Dose ratio in patients aged 1– ≤ 6 and 6– ≤ 12 years was significantly higher by 81% and 29% than those aged 12– ≤ 18 years, respectively. The C0/Dose ratio in patients with a BW of ≥40 kg was 1.7-fold lower than in patients with a BW of ≤ 20 kg. In addition, complex LCM-ASMs interactions were observed. Oxcarbazepine significantly decreased the C0/Dose ratio of LCM by 28%.

Conclusion: This retrospective study confirmed the effectiveness and tolerability of the LCM treatment used alone or with other ASMs in children with focal epilepsy. Children with higher BW and older age have lower C0/Dose ratio. Complex drug interactions between LCM and other concomitant ASMs were revealed. Notably, based on the data in our hands, the reference range, i.e., 2.0–7.0 μg/mL, for routine LCM monitoring may be feasible. The real-world evidence of this study supports LCM as a promising option in children with focal epilepsy.

KEYWORDS
 focal epilepsy, lacosamide, children, therapeutic drug monitoring, C0/Dose ratio


Introduction

China has ~10 million people with epilepsy (1), and around two-thirds of people are under 18 years of age (2). Childhood epilepsies present broad management challenges that are unique to this age group. These challenges mainly include the precision diagnoses; the therapy options; the developmental, cognitive, and behavioral comorbidities of epilepsy; and the likelihood that those different factors interact with developmental processes in the young brain (3). Nearly 20 different anti-seizure medications (ASMs) and non-pharmacological options are now available in China, but there are still unmet needs for epilepsy management (1), with therapeutic aims not only to achieve overt freedom from seizures, but also to actively abolish abnormal electrical activity in the developing brain.

With new-generation ASMs, such as lacosamide (LCM), seizure control with less side effects and food- and/or drug-drug interactions is expected, in an attempt to target the causes and mechanisms of epilepsy rather than its symptoms (4). LCM, the R-enantiomer of 2-acetamido-N-benzyl-3-methoxypropionamide, is a functionalized amino acid analog of D-serine. LCM exerts distinct mechanisms of action over other ASMs by selectively changing voltage-gated sodium channel into a slow and inactivated state, resulting in stabilization of hyperexcitable neuronal membranes; and by binding to the collapsin response mediator protein 2, which plays critical roles in the process of neuronal differentiation, growth, polarization, control of axonal outgrowth and probably also epileptogenesis (5, 6). These unique properties lead to its powerful anti-seizure effects while retaining normal brain functions.

The US FDA approved LCM as an adjunctive therapy for partial-onset (focal) seizures in October 2008 (5). Nowadays, as a prescription medicine, LCM is used to treat focal-onset seizures in people 1 month of age and older or used with other medicines to treat primary generalized tonic-clonic seizures in people 4 years of age and older, according to the revised version of package insert in 2021. Nevertheless, it is unclear if LCM is safe and effective for partial-onset seizures in children under 1 month of age or for primary generalized tonic-clonic seizures in children under 4 years of age. Recent study revealed that LCM might also be useful as the first-line monotherapy for adults with newly diagnosed epilepsy (7). In China, LCM was approved in 2018 as an adjunctive therapy to treat focal-onset seizures in people 4 years of age and older. However, the safety and effectiveness profiles of LCM stay understudied in Chinese pediatric patients. The approval was granted mainly based on the extrapolation of efficacy and safety data from those western pediatric subjects (8). Therefore, the efficacy, tolerability, and pharmacokinetics of LCM are worthy of further validation by enrolling both RCTs and real-world observational studies with different time-period treatments (9).

A long-term, open-label extension of a randomized, controlled trial revealed that LCM was well-tolerated as long-term adjunctive therapy in Chinese adults with epilepsy and uncontrolled focal seizures, with improvements in seizure reduction maintained over 36 months of treatment (10, 11). Notably, a retrospective study of 72 pediatric patients with epilepsy in Uygur, China, showed that LCM therapy is safe and effective for epilepsy in children, resulting in a reduction in the seizure frequency (8). However, there is limited data on the effectiveness and safety of LCM in Han Chinese children with epilepsy.

On the other hand, it is evident that the systemic exposure to LCM depends partly on age and sex, thereby requiring pharmacokinetic monitoring to define the optimal dosage that guarantees therapeutic efficacy with tolerable side effects (4). Interestingly, Zhao et al. (12) found that ABCB1 polymorphisms might affect LCM serum concentrations and treatment efficacy in Uygur pediatric patients with epilepsy, leading to drug resistance. In addition, evidence of drug-drug interactions also justifies monitoring epileptic patients taking LCM (13). In a sense, LCM monitoring demands sensitive and robust bioanalytical techniques that guarantee an accurate LCM measurement in plasma or serum. Moreover, it is also meaningful to define a specific reference range of LCM for Chinese people, especially for pediatric patients. Although several ranges have been recommended, the optimal therapeutic range is still inconclusive for those western populations (14).

This retrospective study aimed to (1) review the efficacy and safety of LCM as a monotherapy or an adjunctive treatment with other ASMs in Chinese children with epilepsy; (2) identify the potential factors affecting its plasma concentrations; and (3) suggest a specific plasma reference range for LCM.



Patients and methods


Patients

This study retrospectively reviewed children (<18 years) who were diagnosed with epilepsy and did the LCM treatment at the Children's Hospital of Nanjing Medical University from March 2019 to December 2021 (Figure 1). Diagnosis of epileptic seizures and syndromes was based on the Classification of Epileptic Seizures (15), after reviewing the semiology of seizures, electroencephalography (EEG), and magnetic resonance imaging (MRI) findings. Patients were excluded from the study if: (1) they received LCM treatment but did not have routine LCM concentration monitoring data; (2) if they had an underlying metabolic and systemic disorder; (3) if their detailed information was absent in the hospital information system (HIS). The Ethics Committee of the Children's Hospital of Nanjing Medical University granted the ethical approval for the study (Protocol number 202204021-1). Written consents were waivered due to the retrospective nature of the study.
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FIGURE 1
 Numbers of patients who were eligible for this study.




Treatment protocol

All patients included in this study received oral LCM as monotherapy or add-on therapy.

For children aged 4 to 17 years, the starting dose was 2 mg/kg/day, which was raised to an initial therapeutic dose of 4 mg/kg/day after 1 week. Based on clinical response and tolerability, the maintenance dose might be increased weekly by 2 mg/kg/day. Gradually titrate the dose until the best response was achieved. Of note, for children weighing ≥11 but <30 kg, due to the increased total clearance compared with adults, the maximum dose did not exceed 12 mg/kg/day, and the maintenance dose was 6 to 12 mg/kg/day. For children weighing ≥30, but <50 kg, the maximum dose was 8 mg/kg/day, and the maintenance dose was 4 to 8 mg/kg/day. The daily dose was taken in two divided doses. For children weighing ≥50 kg, the starting dose is 50 mg twice a day, then the dose was increased to an initial therapeutic dose of 100 mg twice a day, in the morning and evening, after 1 week.

For pediatric patients below the age of 4 years with focal epilepsy, the informed consent was obtained from a parent of each patient due to the off-label use nature. According to the package insert, the dose tailoring was performed based on the body weight (BW), i.e., the recommended dosages for weighing 6 kg to 11 kg and weighing <6 kg.

Collectively, the mean initial dose of LCM was 2.13 mg/kg/day, and the mean maintenance dose was 6.29 mg/kg/day. After three consecutive days of the administration, the trough concentration (C0) of LCM was measured by LC-MS/MS method before the morning dose, and then each patient was followed up periodically for monitoring efficacy, safety, LCM levels, and laboratory tests.



Definitions of clinical response

Diagnosis of epileptic seizures and syndromes was based on the Classification of Epileptic Seizures (15), after reviewing the semiology of seizures, EEG, and MRI findings. The seizure frequency of 1 month before starting LCM therapy was set as a baseline value. To measure the curative effect of LCM therapy, the seizure frequency at 1, 3, 6, 12, and 24 months after starting LCM therapy were recorded.

The definitions for clinical response to the treatment as following were based on the seizure frequency compared with the baseline values: (1) seizure-freedom (SF), i.e., absence of seizures on unchanged medication; (2) seizure frequency reduction (SFR), i.e., patients with 50% or more reduction of baseline seizure frequency on unchanged medication; (3) ineffectiveness (IE), i.e., patients with <50% reduction in seizure frequency on unchanged medication. Accordingly, children with seizure freedom, ≥50% seizure reduction, and <50% seizure frequency induction for a period of at least 6 months were considered as complete responders, responders, and non-responders, respectively.



Data collection

We collected various data on age, sex, BW, types of seizures, EEG findings, neuroimaging, duration of epilepsy before starting LCM therapy, duration of LCM treatment, number and type of previous ASMs treatment, concomitant ASMs used, treatment response, reported side effects. Specific data on LCM including its initial and maximal dose, and routine therapeutic drug monitoring if possible were also reviewed. The efficacy measures were analyzed based on the change in seizure frequency.



Routine therapeutic monitoring of LCM

Whole blood samples are routinely transported to our lab for monitoring steady-state plasma LCM levels in pediatric patients with LCM monotherapy or adjunctive therapy. The bioanalysis was performed on an LC-MS/MS system. In brief, the LC-MS/MS system consisted of a Triple QuadTM 4500MD mass spectrometer (AB Sciex Pte. Ltd, Singapore) interfaced via a Turbo VTM ion source with a JasperTM liquid chromatography system (AB Sciex Pte. Ltd, Singapore), which comprises a binary pump (Sciex DxTM), an online degasser (Sciex DxTM), an autosampler (Sciex DxTM), and a column oven (Sciex DxTM). The AB-SCIEX Analyst software packages (version 1.6.3) were used to control the LC-MS/MS system, as well as for data acquisition and processing. The chromatographic separation was achieved on a Kinetex C18 column (2.1 x 50 mm, 5 μm, Phenomenex) with a security Guard-C18 column (4 x 2.0 mm, Phenomenex), pumped at a flow rate of 0.35 mL/min. Gradient elution was carried out with mobile phase A consisting of 0.008 mM FA in water and mobile phase B of MeOH containing the same FA level. The gradient elution program was as follows: 0–0.3 min, 1% B; 0.3–0.4 min, 1–20% B; 0.4–2.7 min, 20–50% B; 2.7–6.5 min, 50% B; 6.6–8.8 min, 100% B; 8.8–8.9 min, 100–1% B;8.9–10.0 min, 1% B. The column and auto-sampler were maintained at 30 and 4°C, respectively. MeOH precipitation was used for sample clean-up and the 5 μL supernatant was injected into LC-MS/MS for analysis. Ionization mode was ESI positive and two mass transitions (m/z 251.3 → 108.1 and 257.1 → 108.1) were monitored for LCM and its internal standard. LCM quantification was normalized by using stable-isotope-labeled LCM-d6. Collectively, no matrix effect or carryover was observed. The intra- and inter-day accuracy and precision of the assay were all acceptable according to US FDA guidance. The method development and validation data for simultaneous determination of 15 ASMs including LCM has been published elsewhere (16).



Statistical analysis

All data were statistically analyzed using GraphPad Prism 9 (GraphPad Software, La Jolla, CA, United States) and SPSS version 26.0 software (IBM, Armonk, USA). Shapiro-Wilk tests were used to assess normality. Demographic data and clinical characteristics were described as the frequency for categorical variables, means and standard deviations for normally distributed continuous variables, and median with an interquartile range for non-normally distributed continuous variables, respectively. Continuous variables were compared using the Mann–Whitney U test. Differences between independent groups were assessed using the Kruskal–Wallis test and Dunn's test. Correlations were tested by Spearman's correlation coefficient analysis. A P-value of < 0.05 was considered statistically significant.




Results


Characteristics of pediatric patients

A total of 76 children (52 males) met the inclusion criteria (Table 1). 98.7% of patients were diagnosed with focal seizures. The median epilepsy duration from the time of first seizure was 18 months (IQR 31.5). The median number of ASMs used before starting LCM treatment was one (IQR 2), and the median number of concomitant ASMs after LCM therapy initiation was two (IQR 2) (Table 1).


TABLE 1 Clinical characteristics of patients.
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LCM therapy was initiated when the patient was at a median age of 6.6 (IQR 5) years. Ten children were 4 years of age or younger, but none of them aged 1 month to 12 months. The median treatment duration was 5.5 months (IQR 9.4). Mean maintenance LCM dose was 6.3 mg/kg daily (range 2.0–11.3 mg/kg/day).



Clinical outcomes

The seizure frequency at 1, 3, 6, 12, and 24 months after starting LCM therapy were recorded and compared with the baseline values (Tables 2, 3). Before starting LCM therapy, 92% (n = 70) of patients had experienced unsuccessful epilepsy control. Notably, over a follow-up period of 6 months, 15 and 10 patients became seizure free while receiving LCM as monotherapy and add-on therapy, respectively. Moreover, 6 more patients achieved on seizure reduction and only 9 patients (30%) were poorly responsive to the LCM adjunctive therapy. Collectively, a 6-month LCM add-on therapy produced complete or partial remission of 70% (n = 21) of patients, and the number was 81% (n = 17) for the 1-year follow-up findings. However, no any clinical improvement was noted in 3 of nine children (33.3%) after a 2-year follow-up with LCM add-on therapy (Table 2). Interestingly, more patients who took LCM monotherapy achieved on seizure freedom (i.e., higher remission rate) over a similar period of follow-up observation (Table 3).


TABLE 2 The seizure frequencies at 1, 3, 6, 12, and 24 months after starting LCM adjunctive therapy.
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TABLE 3 The seizure frequencies at 1, 3, 6, 12, and 24 months after starting LCM monotherapy.
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In addition, all patients could tolerate the LCM medications. During the 2-year treatment period, 3 (3.9%) patients had dizziness; 1 (1.3%) had hypersomnia; 1 (1.3%) had diplopia and hypersomnia.



Plasma C0 of LCM

The blood C0 was monitored throughout the entire treatment period. To avoid introducing bias from multiple samples from each individual patients, the first measure was used when more than one result was available. In total, 76 measurements were recorded for all the 76 patients, with C0 values found to be between 1.25 and 8.31 μg/mL (Figure 2A). Notably, approximately 92.1% of the monitored C0 values ranged from 2.0 to 7.0 μg/mL. Intriguingly, in the range of 2.0–7.0 μg/mL, 71.4% (n = 50) of patients were in the SF group, which demonstrated that most patients became seizure free after LCM treatment. When we fixed our eyes on the LCM monotherapy, 36 measurements were recorded. Moreover, approximately 88.8% of the C0 values scattered at 2.0–7.0 μg/mL and 96.9% (n = 31) of patients became seizure free (Figure 2B).
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FIGURE 2
 Plasma LCM concentrations C0 (μg/mL) in children with epilepsy, the x-axis shows the number of patients. Two dotted lines depict the measured C0 values in our findings. Different colored circles denote C0 measurements after the maintenance dosage. Red circles indicate C0 measurements of the ineffectiveness (IE) group, green circles represent C0 measurements of the seizure frequency reduction (SFR) group, and blue circles denote C0 measurements of the seizure-freedom (SF) group, respectively. (A) As an adjunctive therapy, LCM C0 (μg/mL) values in 76 children with epilepsy. (B) As a monotherapy, LCM C0 (μg/mL) measurements in 36 children with epilepsy.




Age, BW, sex and the C0/Dose ratio of LCM

We observed a weak positive correlation between monitored C0 values and LCM doses (r = 0.265, P = 0.02; Figure 3A) if we did not distinguish between monotherapy and combination therapy. In those patients, we found a significant negative correlation between age and C0/Dose ratio (r = − 0.605, P < 0.0001; Figure 3B). Specifically, the dose-corrected C0 values were significantly higher in children with 1– ≤ 6 (n = 23) and 6– ≤ 12 years of age (n = 43) than those patients with 12– ≤ 18 year of age (n = 10, P < 0.001) by 81 and 29%, respectively. Similarly, we also revealed a negative correlation between BW and C0/Dose ratio (r = - 0.532, P < 0.0001; Figure 3C), and the values in children with a BW of ≥40 kg were 1.7-fold and 1.2-fold lower than those in patients with a BW of ≤ 20 kg and between 20 to 40 kg, respectively (P < 0.001). In addition, no significant differences were found in C0/Dose ratio between individuals of both sexes (P = 0.973; Figure 3D). Nevertheless, males exposed to higher LCM levels.
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FIGURE 3
 The C0 and C0/Dose ratio [(μg/mL)/mg] of LCM in polytherapy (n = 76). (A) Correlation between C0 and dose (mg/kg); (B) Correlation between C0/Dose ratio and ages; (C) Correlation between C0/Dose ratio and BW; (D) A comparison of C0/Dose ratio in both sexes.


We next tested whether the above-mentioned findings were still retained when the adjunctive therapy data were removed. No correlation was found between C0 values and doses of LCM (r = 0.143, P = 0.407; Figure 4A). Notably, the significant negative correlation between age and C0/Dose ratio (r = - 0.644, P < 0.0001; Figure 4B) could still be observed. The same was true for BW and C0/Dose ratio (r = - 0.516, P = 0.0013; Figure 4C).
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FIGURE 4
 The C0 and C0/Dose ratio [(μg/mL)/mg] of LCM in monotherapy (n = 36). (A) Correlation between C0 and dose (mg/kg); (B) Correlation between C0/Dose ratio and ages; (C) Correlation between C0/Dose ratio and BW; (D) A comparison of C0/Dose ratio in both sexes.




Concomitant drugs and the C0/dose ratio of LCM

To test whether coadministration contributes to the C0/Dose ratio, we evaluated the influences of various concomitant therapies on plasma LCM levels. Notably, oxcarbazepine (OXC), but not valproic acid (VPA) or levetiracetam (LEV), significantly decreased the C0/Dose ratio of LCM by 28% (P = 0.031; Figure 5). Interestingly, the coadministration with other ASMs did not put any impact on the C0/Dose ratio of LCM (i.e., LCM + ASMs vs. LCM).
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FIGURE 5
 The C0/Dose ratio [(μg/mL)/mg] of LCM in polytherapy. A comparison of C0/Dose ratio between monotherapy and coadministration with valproic acid (VPA), levetiracetam (LEV), oxcarbazepine (OXC), sodium channel blocking (SCB) agents and non-SCB medications.


We next evaluated the potential influences of concomitant ASMs with different mechanisms of action, including sodium channel blocking (SCB) agents [i.e., OXC, lamotrigine (LMT), and topiramate (TPM); LCM + SCBs, n = 7], and non-SCB medications [i.e., levetiracetam (LEV), perampanel (PER), or clonazepam (CZP); LCM + non-SCB, n = 9]. Of note, the add-on SCB medications (P = 0.047), predominantly OXC, significantly decreased the C0/Dose ratio of LCM (Figure 5).



Other factors affecting the C0/dose ratio of LCM

Since epilepsy is a chronic disease, we wondered if some other factors play potential roles. To test this, we evaluated the duration of LCM treatment, disease duration, MRI and EEG readings in these pediatric patients. Only negligible effects were observed. Interestingly, there were no any statistically significant differences between complete responders, responders, and non-responders groups regarding C0 and C0/Dose ratio.




Discussion

Seizures pose risks, especially for pediatric patients, and the main goal of pharmacological treatment for epilepsy is to eliminate seizures completely while minimizing the adverse effects of ASMs, or no adverse events. To achieve this, drug dosages need to be individualized. In fact, the clinical use of a new ASM follows a stepwise vigorous approach to better understand its mechanism of action, efficacy, pharmacokinetics, and tolerability. LCM gained its approval from China government in 2018, but reports on its clinical experience with LCM as an add-on or first-line monotherapy in Chinese children, even in adults, with epilepsy are still rare (8–11, 17). No or only sparse data on LCM concentration monitoring at this young age group are available. Therefore, real-world data collected during routine clinical care for young pediatric patients have received increasing attention as a source of valuable information to support dosage optimization. This retrospective study assessed the efficacy of LCM as mono- and add-on therapy in a Chinese pediatric population. Specifically, in the current study, we explored for the first time the effect of demographic and clinical variables on the LCM plasma concentration in children with focal epilepsy in our clinical practice.

In this study, adjunctive therapy of LCM was shown to be effective and safe with as many as approximately 81 and 67% of children experiencing ≥50% seizure frequency reduction by the end of a 1- and 2-year follow-up period, respectively (Table 2). For LCM monotherapy, 10 and 4 patients completed a 6- and 12-months follow-up observation, respectively, and all of them became seizure free (Table 3). One very recent retrospective study of pediatric patients with epilepsy in the Uygur area of China has revealed that the addition of LCM to antiseizure therapy resulted in a positive response in approximately 69% of children over a minimum 1-year follow-up period (8). Some retrospective studies in pediatric patients of other nations so fat have shown that the proportion of responders varies between ~30 and 70% (18–24). Collectively, our efficacy findings are overall comparable to those previously reported from Western and Asian countries.

A major finding of this study was that a reference therapeutic C0 range of LCM (i.e., 2.0–7.0 μg/mL) (Figure 2) was established to match the efficacy and tolerability seen in our pediatric patients. Therapeutic drug monitoring (TDM) of ASMs assists in guiding and tailoring ASM therapy, while also avoiding potential associated toxicity in routine clinical practice, because the clinical response has been shown to correlate better with the drug concentration than the dose (25). In fact, TDM requirement whether or not and the reference range for LCM monitoring in children and adults are still controversial (14). Previously, 2.5–10 μg/mL has been suggested as a target range, but those values were partly derived from non-drug-fasting blood samples (26). Burns et al. (27) revealed that 94% of patients had serum concentrations in the reference range of 3–10 μg/mL in Norway, and a similar reference range of 2.25–8.75 μg/mL is used in Denmark. However, Perrenoud et al. (28) concluded that the reference range of 10–20 μg/mL was more effective in reducing seizures. But to emphasize again, the reference range for LCM monitoring in Chinese children is not available. In our study, under maintenance dosages, approximately 92.1% of the C0 values varied from 2.0 to 7.0 μg/mL and the matched mean daily dose was 6.38 mg/kg (range 2.86–10.19 mg/kg/day). More than 81.4% of C0 values in children achieved on >50% seizure frequency reduction (Figure 2A). Similar findings (i.e., 2.0–7.0 μg/mL) were obtained for children who received LCM monotherapy, and a very impressive proportion of 70.6% was seen in those 17 patients who became seizure free over a minimum 3-month follow-up therapy (Figure 2B; Table 3). Therefore, our data in hands suggest that aiming at a C0 (2.0–7.0 μg/mL) may be feasible when LCM is used as monotherapy or adjunctive therapy for Chinese children with focal epilepsy.

One of the major strengths of the current study was our ability to monitor the LCM plasma levels and thus we could evaluate the effects of various variables on the dose-adjusted plasma levels (i.e., C0/Dose) of LCM in our study subjects. The demographic characteristics (sex, age and ethnicity) have been identified as the right factors that affect LCM pharmacokinetics (4). Moreover, previous evidence supports the opinion that LCM exposure depends on age and sex, requiring PK monitoring to define the optimal posology that guarantees therapeutic efficacy with tolerable adverse effects (4). In the present study, a combined data from LCM monotherapy and adjunctive therapy in C0/Dose ratio revealed no significant difference between patients of both sexes (Figures 3D, 4D). Sex had no relevant effects on the LCM C0/Dose ratio in healthy adults and adults with focal epilepsy (29), but no similar study is available in children up to now.

In our study, of note, the increasing age decreased the C0/Dose ratio of LCM used either alone or in combination with other ASMs (Figures 3B, 4B), which could be partly explained by an inverse relationship between plasma concentration and systemic clearance. Specifically, the C0/Dose ratio in patients aged 1– ≤ 6 and 6– ≤ 12 years was significantly higher than those aged 12– ≤ 18 years, by 81 and 29%, respectively, which is in line with a previous report (27). Interestingly, a decrease in C0/Dose was seen with age indicating an increase in total clearance with age which is in line with the ontogeny of CYP3A4, CYP2C9, and CYP2C19 involved in LCM metabolism.

Also, we have found a lower C0/Dose ratio in children who have a higher BW. The C0/Dose ratio in patients with a BW of ≥40 kg was 1.7-fold lower than in patients with a BW of ≤ 20 kg. Similar findings had been reported in our previous study on tacrolimus concentration-to-dose ratio in children with refractory nephrotic syndrome (30). Why older children with higher BW presented lower C0/Dose ratio of LCM than those younger counterparts could be partly explained by PK characteristics. The preferential distribution of LCM in extracellular fluids implies that total body water determines plasma concentration (4, 31).

Another important finding in the present study was the assessment of potential drug-drug interactions between LCM and other ASMs. Notably, LCM coadministration with OXC, but not LEV or VPA, significantly decreased the C0/Dose ratio by comparison with LCM monotherapy (P = 0.031; Figure 5). This result suggested a potential PK interaction from the perspective of drug action mechanisms. Pratima Gulati et al. (32) previously suggested that the concomitant use of SCBs did not significantly influence response to LCM. In the present study, there was a clear trend that SCB agents may decreased LCM plasma levels (Figure 5). Particularly, OXC substantially lowered LCM plasma levels, which might result in a reduced efficacy of LCM. Thus, a higher LCM dose might be needed for patients taking concomitant OXC, albeit on an individual patient basis. Collectively, our study provided evidence of complex drug-drug interactions between LCM and concomitant ASMs. More research is required for a complete and clear description of the potential drug interactions, reinforcing the importance of LCM concentration monitoring.

However, our study has several limitations due to its retrospective design nature. Firstly, this was a single-center study with a small sample size because of the new approval in China for pediatric patients. Thus, our findings as a reference should be interpreted with caution. Secondly, 76 children were included but they had variable therapy periods and we had to rely on the real-world clinical reporting rather than prospective patient seizure diaries. This prompted us to summarize the effectiveness data of LCM, alone or adjunctive, over different periods with variable numbers of patients. Thirdly, adverse reactions may be underreported due to the data collected sporadically rather than by a structured questionnaire at clinical visits. Nevertheless, the real-world clinical findings in this study for efficacy and safety, especially for LCM plasma monitoring in children, may be very useful for pediatric clinicians and TDM pharmacists when they try to tailor LCM dosages for precision therapy.



Conclusions

In conclusion, this retrospective study found that LCM treatment used alone or with other ASMs in children with focal epilepsy can reduce the seizure frequency with adverse reactions reported in a minority. We also identified several contributing factors to variable C0/Dose ratio of LCM in children with epilepsy. Children with higher BW and older age have a lower C0/Dose ratio. Complex drug interactions between LCM and other concomitant ASMs were revealed. Based on the data in our hands, the reference range, i.e., 2.0–7.0 μg/mL, for routine LCM monitoring may be feasible when LCM is taken as a monotherapy or combined with other ASMs in Chinese children with epilepsy.
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Objective: The perspective of real-world study is especially relevant to newborns, enabling dosage regimen optimization and regulatory approval of medications for use in newborns. The aim of the present study was to conduct a pharmacokinetic analysis of cefotaxime and evaluate the dosage used in newborns with early-onset sepsis (EOS) using real-world data in order to support the rational use in the clinical practice.
Methods: This prospective, open-label study was performed in newborns with EOS. A developmental pharmacokinetic-pharmacodynamic model of cefotaxime in EOS patients was established based on an opportunistic sampling method. Then, clinical evaluation of cefotaxime was conducted in newborns with EOS using real-world data.
Results: A one-compartment model with first-order elimination was developed, using 101 cefotaxime concentrations derived from 51 neonates (30.1–41.3°C weeks postmenstrual age), combining current weight and postnatal age. The pharmacokinetic-pharmacodynamic target was defined as the free cefotaxime concentration above MIC during 70% of the dosing interval (70% fT > MIC), and 100% of neonates receiving the dose of 50 mg/kg, BID attained the target evaluated using the model. Additionally, only two newborns had adverse reactions possibly related to cefotaxime treatment, including diarrhea and feeding intolerance.
Conclusion: This prospective real-world study demonstrated that cefotaxime (50 mg/kg, BID) had a favorable efficacy and an accepted safety profile for neonates with EOS.
Keywords: cefotaxime, early-onset sepsis, pharmacokinetics analysis, effectiveness, safety
INTRODUCTION
Early-onset neonatal sepsis (EOS) is a life-threatening systemic infection in newborns with an onset during the first 72 h of life (Hornik et al., 2012; Simonsen et al., 2014). With the improvement of perinatal management and evidence-based application of intrapartum antibiotics, the incidence of EOS has decreased (Polin, 2012). However, EOS is still one of the main causes of morbidity and mortality in neonates, and it presents with a huge challenge because the variable clinical presentation in these infants resulting in a delayed treatment (Scheel and Perkins, 2018).
The selection of empirical antibiotics for treatment of EOS is based on the local epidemiology of the responsible pathogens. In high-income countries, Group B streptococcus (GBS) and Escherichia coli are the most common pathogens involved in EOS accounting for approximately 70% of infections (Stoll et al., 2011; Schrag et al., 2016; Mukhopadhyay and Puopolo, 2017; Brown and Denison, 2018). Therefore, the initial treatment for EOS is generally ampicillin combined with an aminoglycoside (usually gentamicin) (Polin, 2012). However, a distinctive pathogen distribution exists among neonates with EOS in different countries, for example Escherichia coli is the most common pathogens associated with EOS in China (Guo et al., 2019; Jiang et al., 2019). Thus, third-generation cephalosporins, such as cefotaxime, are usually applied to treat EOS in clinical practice, owing to its broad-spectrum antimicrobial activity covering more of the pathogens implicated in neonatal sepsis (Odio, 1995). Cefotaxime undergoes hydrolysis by esterases contained in plasma and the liver to form the active metabolite desacetylcefotaxime, and approximately 50%–60% of a dose is excreted unchanged in the urine, whereas 15%–20% appears as desacetylcefotaxime (Kearns and Young, 1995). The amount of desacetyl cefotaxime formed reduced with increasing liver damage, and cefotaxime clearance markedly declined when the creatinine clearance fell below 10 ml/min (Wise and Wright, 1985; Paap et al., 1991). The dosage adjustment may be necessary for cefotaxime in patients with hepatic and renal dysfunction.
The rational use of cefotaxime in EOS is still hampered by uncertainty about the optimal dose. The dosage regimens of cefotaxime used in different neonatal units vary (75–180 mg/kg/day) due to the absence of a powerful developmental pharmacokinetic-pharmacodynamic study in EOS patients (Leroux et al., 2015b). Pacifici et al. reported that the pharmacokinetics of cefotaxime in newborn babies were primarily studied in the 1980s with a limited number of patients (Pacifici, 2011). The study design and methods limited the power to recommend a precise dosage regimen of cefotaxime in the neonate population using pharmacokinetic data, as the influences of covariates (i.e., hepatic or renal function) on dosage were not fully evaluated. A model-based dosing recommendation was available in children (between the ages of 1 month and 19 years) with Sickle Cell disease. It clearly indicates that the use of a standard dose of cefotaxime is not appropriate for these patients and the dose should be increased in order to optimize efficacy, depending on the children’s clinical presentation and characteristics (Maksoud et al., 2018). The pharmacokinetic profile of most drugs relies on the patient’s covariates and may be influenced by the specific disease. The lack of pharmacokinetic data of the specific population and specific disease may increase the risk of unreasonable use of antibiotics, which could lead to the occurrence of adverse drug reaction or the spread of antibiotic resistance. Thus we aimed to conduct a pharmacokinetic analysis of cefotaxime in EOS patients and evaluate the dosage used in a real-world setting to provide data in terms of pharmacokinetic-pharmacodynamic target achievement, effectiveness and safety to support rational use of cefotaxime in neonates with EOS.
METHODS
Study design
This prospective, open-label clinical study was conducted in the neonatal intensive care unit (NICU) of the Affiliated Hospital of Xuzhou Medical University, Jiangsu, China. Newborn infants ≤72 h of life who met the standard of starting antibiotic treatment in accordance with NICE guidelines (National Collaborating Centre for and Children’s, 2012) were enrolled in this study, receiving intravenous cefotaxime as part of standard therapy. The standard of initiating antibiotic therapy was as follows: one high risk factor or more than one low risk factor is present (Wu et al., 2021). The exclusion criteria were severe congenital malformation, expected survival time less than the duration of the treatment, undergoing surgery in the first week after birth, participating in another clinical trial, or other circumstances that the investigator deemed unsuitable for enrollment. This study was approved by the Ethics Committee of the Affiliated Hospital of Xuzhou Medical University and abode by the Helsinki Declaration II. Written informed consent was obtained from guardian(s) of each newborn.
Clinical procedures
Cefotaxime (Huamin Pharmaceutical Co., Ltd., Hebei, China) was administered intravenously within 30 min using a dose of 50 mg/kg/dose BID. The therapeutic effect evaluation was performed by the neonatologist, and the decision to discontinue cefotaxime treatment was made based on clinical manifestations of neonates, the levels of C-reactive protein (CRP) and blood culture results. The first evaluation for discontinuation was made at 36 h after initiating cefotaxime treatment. Cefotaxime would be discontinued if the baby’s clinical presentation associated with sepsis and the levels of CRP remained normal, and blood culture was negative. CRP abnormality was defined as >10 mg/L. If the blood culture was positive, the duration of cefotaxime treatment would last at least 7 days, after which the blood culture required to be reexamined in order to make next decision. After 36 h of cefotaxime treatment, despite negative blood cultures, the baby’s current clinical conditions and the levels of CRP should be reviewed at least once every 24 h, to consider whether it was appropriate to discontinue cefotaxime therapy. Effectiveness and safety profile of cefotaxime were well recorded by clinical research pharmacist during the whole treatment period.
Sampling and determination of cefotaxime
An opportunistic sampling method was adopted for collecting blood samples (Leroux et al., 2015a). The total number of study-specific blood samples was restricted to two per patient. After routine biochemical examinations, the remaining blood was collected for pharmacokinetic assay. The plasma volume of samples for analyses was 0.1 ml per sample. The time of infusion and sampling was accurately recorded according to standard operating procedure. Each sample was centrifuged for 10 min at 4,000 rpm and 4°C, and plasma samples were stored at −80°C until determination of cefotaxime concentration. High-performance liquid chromatography method with UV detection at 254 nm was adopted to determine cefotaxime plasma concentrations, with tinidazole as internal standard. The chromatographic seperation was performed on a Insustain C18 column (250*4.6 mm, 5 μm, Shimadzu, Japan), with acetonitrile and 0.01 mol/L potassium dihydrogen phosphate solution at a flow rate of 1.0 ml/min. The calibration curve ranged from 0.5 to 200 μg/ml, with 0.5 μg/ml as the lower limit of quantification (LOQ), using 50 μl of plasma samples. The intraday and interday coefficients of variation for the controls were 2.4% and 4.1%, respectively.
Pharmacokinetic analysis
The non-linear mixed effects modeling program NONMEM V7.4 (Icon Development Solutions, United States) was adopted for pharmacokinetic analysis. The one- and two-compartment model were tested and the results were compared before choosing the structural model. The first-order conditional estimation (FOCE) method with interaction was employed to estimate the pharmacokinetic parameters and their variations. The exponential model was used to estimate the inter-individual differences in pharmacokinetic parameters and expressed as follows:
[image: image]
where θ i indicates the value of the ith patient, θmean the typical value of the parameter in the population and ηi the differences in subjects which is supposed to follow a normal distribution with a mean of zero and a variance of ω2.
The forward and backward selection process was employed for covariate analysis. The covariates of birth weight, gestational age, current weight, postnatal age and postmenstrual age were explored as potential variables affecting pharmacokinetic parameters. The impact of each covariate on model parameters was evaluated by the likelihood ratio test.
A covariate was incorporated if the objective function value (OFV) reduction was >3.84 (p < 0.05) compared with value of the basic model. All the covariates that had a significant effect were included simultaneously to the model. Then, each covariate was removed in sequence from the model. The covariate was regarded as significant and therefore retained in the final model if the increase in the OFV was more than 6.635 (p < 0.01).
Graphical and statistical criteria were adopted to verify the power of the model. Plots of observed concentrations (DV) versus population prediction (PRED), DV versus individual prediction (IPRED), conditional weighted residuals (CWRES) versus time and CWRES versus PRED were applied to verify the performance of the model.
The reliability and stability of the final model was confirmed by a non-parametric bootstrap with resampling and replacement. The non-parametric bootstrap procedure was replicated 1000 times. The values of estimated parameters from the non-parametric bootstrap procedure were compared with those derived from the original data set. PsN (v2.30) was employed to complete the whole procedure in an automated fashion. Eventually, 1000 datasets were simulated with the final population model parameters. R package (v1.2) was used to display QQ-plot and histogram of the NPDE, which was expected to abide by the N (0, 1) distribution. Additionally, pcVPC was used to evaluate the simulation performance.
Pharmacokinetic-pharmacodynamic target attainment
The pharmacokinetic-pharmacodynamic target was defined as the free cefotaxime concentration above MIC during 70% of the dosing interval (70% fT > MIC). The protein binding rate of cefotaxime was reported to between 27% and 50% (Harding et al., 1981; LeFrock et al., 1982; Patel et al., 1995), and in the cefotaxime label, the protein binding rate is 30%–50%, thus 40% was selected for the calculation of pharmacokinetic-pharmacodynamic target attainment. The MIC of 2 mg/L was assigned as the pharmacokinetic-pharmacodynamic breakpoint for its coverage of most common pathogens (E. coli and CoNS) for EOS. The pharmacokinetic-pharmacodynamic target attainment analysis was conducted using the individual empirical Bayesian estimates method by NONMEM software. For each neonate, the simulated drug-free concentration at 70% dosing interval was compared with the MIC value to determine whether the target was reached. The percentage of patients who met the target was calculated. In addition, the AUC0-24 at steady-state was calculated by dividing the dose by clearance.
Effectiveness and safety evaluation
The main indicator for effectiveness assessment of cefotaxime treatment was treatment failure rate. Treatment failure was defined as a recurrence of infection that required extra course of antibiotic therapy within 72 h after ceasing cefotaxime treatment, and/or changing antibiotics owing to exacerbation or no improvement of patient’s conditions, and/or culture-proven pathogens reported resistant to the antibiotic.
The adverse events monitoring covers adverse drug reaction documented in the package insert of cefotaxime and the laboratory testing outliers. The adverse drug reactions recorded in cefotaxime instructions included rash, nausea, vomiting, diarrhea, phlebitis, leukopenia, thrombocytopenia, elevated serum amino transferase level and urea nitrogen and creatinine level. Clinical features and laboratory examination including blood cell analysis, blood gas assay, and biochemical tests were monitored during cefotaxime treatment. Laboratory tests were conducted based on the patient’s condition, not intentionally for study purposes. The causal relation between adverse events and cefotaxime treatment was evaluated by a pediatrician and a clinical pharmacist, and classified as follows: definitely related, probably related, possibly related, not related, or unable to determine.
RESULTS
Study population
A total of 54 newborns were enrolled in our study according to the inclusion and exclusion criteria. Three neonates discontinued the trial because of being transferred to another medical center (n = 1), change to another antibiotic due to the worsening of patient’s condition before the planned assessment (n = 2). Eventually, fifty-one newborns (31 male patients and 20 female patients) accomplished cefotaxime treatment and were included in the following effectiveness and safety evaluation. The clinical baseline characteristics of all neonates were summarized in Table 1. The median (range) values of GA and PNA in the 51 neonates were 35.7 (30.0–41.1) weeks and 1.0 (1.0–3.0) days, respectively. The median (range) values of BW and CW were 2310 (1220–3970) and 2310 (1220–3970) grams respectively.
TABLE 1 | Baseline characteristics of 51 neonates in effectiveness and safety analysis.
[image: Table 1]Eight (15.7%) of the 51 newborns started cefotaxime treatment with one “high risk factor” and ≥0 “low risk factor”, while 43 (84.3%) newborns with 0 “high risk factor” and ≥2 “low risk factor” (Supplementary Material). The major maternal factor for initiating cefotaxime therapy was “suspected or confirmed rupture of membranes for more than 18 h in a preterm birth” in 18 (56.3%) neonates, followed by “preterm birth following spontaneous labor (before 37 weeks’ gestation)” in 6 (11.8%) babies. By contrast, the most common clinical indicator in neonates with EOS was “altered behavior or responsiveness” in 34 (23.0%) newborns, followed by “signs of respiratory distress” in 29 (19.6%) neonates.
Pharmacokinetic analysis and target attainment
A total of 101 cefotaxime concentrations were available for modeling of population pharmacokinetics. The cefotaxime concentrations ranged from 7.18 to 347.61 μg/ml. Supplementary Figure S1 described the cefotaxime concentration versus time profile. In the current work, the OFV values of the one-compartment model and the two-compartment model were similar, but the one-compartment model with first-order elimination best described the data. The model was parameterized in terms of volume of distribution (V) and clearance (CL) of cefotaxime. An exponential model was adopted to describe inter-individual variability, and residual variability was expressed as a proportional model.
The current weight was included into the basic model using the allometric estimated size approach, which resulted in a significant drop in the OFV of 70.3 points (allometric fixed size approach ΔOFV: 66.3). Postnatal age was confirmed as the most important covariate on CL, with a drop in the OFV of 36.2 units (GA-ΔOFV: 3.62; PMA-ΔOFV: 6.89). No other covariates have a significant effect. The parameter estimates of the final pharmacokinetic model was shown in Table 2. The estimated weight-normalized CL and volume of distribution median (range) values were 0.04 (0.02–0.09) L/h/kg and 0.36 (0.21–0.63) L/kg, respectively. The AUC0-24 at steady-state ranged from 974 to 5755 mg*h/L. Clearance of cefotaxime increased allometrically according to current weight.
TABLE 2 | Population pharmacokinetic parameters of cefotaxime and bootstrap results.
[image: Table 2]Favorable goodness-of-fit results for the final model of cefotaxime were validated by means of model diagnostics. As exhibited in Figures 1A,B, the predictions are unbiased. There is no tendency in the diagnostic plots of CWRES versus time and PRED (Figures 1C,D). Additionally, the median parameter estimates deriving from the bootstrap procedure are closely consistent with the values from the final population model, suggesting that the final model is stable and reliable (Table 2). The distribution and histogram of NPDE were in accordance with the theoretical N (0, 1) distribution and density, reflecting a good fit of the model to the individual data (Figures 1E,F). The mean and variance of NPDE were 0.039 and 1, respectively. The pcVPC result is shown in Figure 2. The simulated concentrations are in agreement with the prediction-corrected observed concentrations, validating the predictive performance of the model.
[image: Figure 1]FIGURE 1 | Model evaluation for cefotaxime (A) Population predicted concentrations (PRED) versus observed concentrations (DV). (B) Individual predicted concentrations (IPRED) versus DV (C) Conditional weighted residuals (CWRES) versus PRED. (D) CWRES versus time. (E) QQ-plot of the distribution of the Normalized Prediction Distribution Errors (NPDE) versus the theoretical N (0,1) distribution. (F) Histogram of the distribution of the NPDE.
[image: Figure 2]FIGURE 2 | The prediction corrected visual predictive checks. The circles represent the prediction-corrected observed concentrations. The solid line represent the median prediction-corrected observed concentrations and semitransparent gray field represents simulation-based 95% confidence intervals for the median. The observed 5th and 95th percentiles are indicated by dashed lines, and the 95% intervals for the model-predicted percentiles are in a lighter translucent gray.
Using this pharmacokinetic model, the dosage regimen of cefotaxime prescribed in the study (50 mg/kg, BID) resulted 100% of neonates achieving the target (70% fT > MIC) at steady state.
Effectiveness evaluation
As described in Supplementary Table S1, 98.0% (n = 50) neonates were successfully cured, and only 2.0% (n = 1) newborns experienced treatment failure. The one newborn babies altered antibiotic treatment due to the progression of clinical conditions (switched to meropenem on Day 5). In our study, the median time to start cefotaxime treatment after birth was 3.07 (range 1.0–55.6) hours, while the median duration of cefotaxime therapy in 51 newborns was 6.6 (range 1.5–15.5) days. The median length of hospitalization was 13.0 (range 3.0–36.0) days in all the subjects. Cefotaxime discontinuance criteria were reached in 46 (92%) patients. Approximately half of neonates (23%, 46%) ceased cefotaxime treatment in the third round of discontinuation evaluation (96–144 h), and almost all subjects discontinued cefotaxime therapy in the fourth stage of discontinuation assessment (144–216 h).
Safety evaluation
In our current study, no subjects ceased cefotaxime treatment or changed the dosage regimen due to AEs. Two AEs occurred in 2 (3.9%) neonates which were regarded as possibly related to cefotaxime therapy, while there were 4 AEs in 4 (7.8%) cases which were recognized as not related to cefotaxime. No patients had AEs which were definitely or probably related to cefotaxime. AEs possibly related to cefotaxime included diarrhea (n = 1) and moderate feeding intolerance (n = 1). AEs not related to cefotaxime treatment included seizures (n = 1) and feeding difficulties (n = 3). No infection-related death involved in cefotaxime treatment occurred in the first month after birth.
DISCUSSION
Our present work using real-world data was the first population pharmacokinetics, effectiveness and safety evaluation of cefotaxime in neonates with EOS in China. The findings of the work revealed that a one-compartment model with first-order elimination best fitted the pharmacokinetics data of cefotaxime. Additionally, this prospective real-world study demonstrated that according to the model results, all of studied neonates treated with cefotaxime (50 mg/kg BID) attained the pharmacokinetic-pharmacodynamic target, which had a favorable efficacy and an accepted safety profile for newborns with EOS.
Since cefotaxime is mainly eliminated via a renal route, renal anatomical and function maturation is considered to have an essential influence on cefotaxime CL and dosing in newborn babies. Our results showed that current weight and postnatal age had a crucial impact on cefotaxime clearance, indicating that postnatal renal maturation had an important effect on cefotaxime CL, consistent with principally renally eliminated antibiotics (Rodieux et al., 2015).
Low birth weight is a major risk factor for EOS. In the United States, the overall incidence of EOS was 10.96‰ (10.96 per 1000 live newborns) in very low birth weight (VLBW) babies with a BW of <1500 g, 1.38‰ among low birth weight (LBW) babies with a BW of 1500–2500 g, 0.57‰ among normal birth weight (NBW) babies with a BW > 2500 g (Stoll et al., 2011). In the present study, 28 LBW infants and two VLBW infants were subjected to EOS, accounting for 58.8% of 51 cases. Therefore, for LBW or VLBW infants, once suspected or confirmed EOS, prompt and effective treatment should be adopted. Additionally, another important risk factor for neonatal sepsis is maternal membrane rupture. An obstetric risk factor—membrane rupture >18 hours—was found in 13.5% of group B streptococcal (GBS) cases and 26.7% of other sepsis (Schuchat et al., 2000). Compared to neonatal clinical indicators, maternal risk factors are more important for the diagnosis of EOS and the starting of antibiotic treatment. In our study, the top three reasons to initiate antibiotic therapy were maternal risk factors, including “suspected or confirmed rupture of membranes for more than 18 h in a preterm birth”, “preterm birth following spontaneous labour (before 37 weeks’ gestation)”, and “prelabour rupture of membranes”.
Antibiotics are frequently prescribed in the treatment of neonatal sepsis due to the high rates of incidence and mortality (Hornik et al., 2012; Oliver et al., 2017; Stocker et al., 2017). However, many medications used in neonatal clinical practice are unlicensed, owing to the absence of evidence-based dosing regimen (Schrier et al., 2020). Undoubtedly, empirical antibiotic treatment in newborns brings the risk of either drug-resistant bacteria due to underdose or side effects owing to overdose. The adoption of real-world evidence (RWE) is becoming increasingly essential for the evaluation of effectiveness and safety and the rational use of drugs in children (Lamberti et al., 2018; Lasky et al., 2020). A combination of ampicillin and an aminoglycoside was recognized as a standard regimen of EOS. However, aminoglycosides are not allowed to treat EOS in China because of a higher risk of ototoxicity. Instead, local neonatologists are more likely to prescribe third-generation cephalosporins, such as cefotaxime, based on its antibacterial spectrum and the distribution of pathogens. Obviously, it is crucial to generate real world evidence derived from real world data of alternative medication for neonatal EOS.
In the effectiveness and safety evaluation, in view of ambiguous signs and symptoms, low detection rate of blood culture and requirement for timely diagnosis and treatment, we designed the clinical trial according to NICE guidelines including maternal factors or clinical indicators, to assess the effectiveness and safety of cefotaxime in newborn babies with EOS. In the present study, the average time to initiate cefotaxime therapy after birth was 3.07 h, longer than 2.0 h in previous research (Stocker et al., 2017), which may be explained by the discrepancy of clinical practice in different medical centers. In addition, the average duration of cefotaxime treatment was 6.6 days, longer than 5 days in Cordero’s study (Cordero and Ayers, 2003). This may be partially explained by the fact that delayed start of antibiotics treatment resulted in prolonged administration of antimicrobial agents (>5 days). Extended treatment duration of empirical antibiotics, especially third-generation cephalosporins, is associated with subsequent adverse outcomes, including late onset sepsis (LOS), necrotizing enterocolitis (NEC), invasive candidiasis and death (Cotten et al., 2009; Alexander et al., 2011; Kuppala et al., 2011; Cantey et al., 2018; Raba et al., 2019). Therefore, considering severe harmful outcomes implicated in prolonged use of antibiotics, the need to develop a precise strategy which can determine the duration of antibiotics treatment is essential for lower incidence of severe adverse outcomes.
As for effectiveness evaluation, cefotaxime demonstrated favorable therapeutic effect in the treatment of EOS. In the current work, 98.0% (n = 50) neonates with EOS were effectively cured, and only 2.0% (n = 1) newborns were evaluated as treatment failure. There is no definite value (27%–50%) for the protein binding rate of cefotaxime in human according to the reported data (Harding et al., 1981; LeFrock et al., 1982; Patel et al., 1995). In the cefotaxime label, the protein binding rate is 30%–50%, thus a median value of 40% was selected for PD target evaluation. The pharmacokinetic-pharmacodynamic target attainment was reached in 51 (100%) neonates, which enabled a consistent conclusion, reflecting a satisfying dosing regimen for this population. From the perspective of safety, there were limited adverse events implicated in cefotaxime treatment in newborns (Kearns and Young, 1995). The side effects are mainly presented as hypersensitivity and gastrointestinal reactions, and cefotaxime rarely leads to nephrotoxicity and seizures (Roberts et al., 2014; Fanos and Dall'Agnola, 1999). The acceptable safety profile found in our study is consistent with these findings. Despite some studies have noted a rise in the incidence of invasive candidiasis, necrotizing enterocolitis and late onset sepsis because of the initial use of cefotaxime (Bryan et al., 1985; Manzoni et al., 2006; Polin, 2012), these serious adverse outcomes did not occur in our present study. However, out of prudence and safety, cefotaxime would be ceased promptly if the baby’s clinical presentation associated with sepsis and the levels of CRP turned normal after evaluation, and meanwhile these cases should be paid more attention and given careful nursing during cefotaxime treatment, in order to avoid the severe adverse outcomes involved in cefotaxime.
Several limitations existed in our study. Extremely low birth weight (<1000 g) neonates are missing in the present study. Thus, our results can simply not be extrapolated to this population. Additionally, cefotaxime performed well in the effectiveness and safety evaluation over a one-month follow-up period. The long-term safety of cefotaxime in larger samples needs to further investigation.
CONCLUSION
We evaluated the effectiveness and safety of cefotaxime using real-world data, and the drug exhibited a favorable clinical benefits and safety in neonates. Innovative approach should be promoted to assess off-label drugs in newborns for rational use.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by the Affiliated Hospital of Xuzhou Medical University. Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin.
AUTHOR CONTRIBUTIONS
YX and WZ coordinated and supervised data collection and critically reviewed and revised the manuscript. Z-HS collected the clinical data and wrote the first version of the manuscript. Y-EW performed data analysis and revised the manuscript. D-ML and W-QL managed the patient and collected blood samples. WZ performed data analysis. JA provided advice, critically reviewed and revised the manuscript. All the authors contributed to write the manuscript and approved the final manuscript as submitted.
FUNDING
This work was supported by Clinical Technical Backbone Research Program of Xuzhou (grant number 2018GG032); the National Natural Science Foundation of China (grant number 82173897); Young Taishan Scholars Program of Shandong Province; and Distinguished Young and Middle-aged Scholar of Shandong University. The funders had no role in the study design, data collection and analysis, decision to publish, or preparation of the manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2022.916253/full#supplementary-material
REFERENCES
 Alexander, V. N., Northrup, V., and Bizzarro, M. J. (2011). Antibiotic exposure in the newborn intensive care unit and the risk of necrotizing enterocolitis. J. Pediatr. 159, 392–397. doi:10.1016/j.jpeds.2011.02.035
 Brown, A. P., and Denison, F. C. (2018). Selective or universal screening for gbs in pregnancy (review). Early Hum. Dev. 126, 18–22. doi:10.1016/j.earlhumdev.2018.09.002
 Bryan, C. S., John, J. F., Pai, M. S., and Austin, T. L. (1985). Gentamicin vs cefotaxime for therapy of neonatal sepsis. Relationship to drug resistance. Am. J. Dis. Child. 139, 1086–1089. doi:10.1001/archpedi.1985.02140130024022
 Cantey, J. B., Pyle, A. K., Wozniak, P. S., Hynan, L. S., and Sánchez, P. J. (2018). Early antibiotic exposure and adverse outcomes in preterm, very low birth weight infants. J. Pediatr. 203, 62–67. doi:10.1016/j.jpeds.2018.07.036
 Cordero, L., and Ayers, L. W. (2003). Duration of empiric antibiotics for suspected early-onset sepsis in extremely low birth weight infants. Infect. Control Hosp. Epidemiol. 24, 662–666. doi:10.1086/502270
 Cotten, C. M., Taylor, S., Stoll, B., Goldberg, R. N., Hansen, N. I., Sánchez, P. J., et al. (2009). Prolonged duration of initial empirical antibiotic treatment is associated with increased rates of necrotizing enterocolitis and death for extremely low birth weight infants. Pediatrics 123, 58–66. doi:10.1542/peds.2007-3423
 Fanos, V., and Dall'agnola, A. (1999). Antibiotics in neonatal infections: A review. Drugs 58, 405–427. doi:10.2165/00003495-199958030-00003
 Guo, J., Luo, Y., Wu, Y., Lai, W., and Mu, X. (2019). Clinical characteristic and pathogen spectrum of neonatal sepsis in guangzhou city from june 2011 to june 2017. Med. Sci. Monit. 25, 2296–2304. doi:10.12659/msm.912375
 Harding, S. M., Monro, A. J., Thornton, J. E., Ayrton, J., and Hogg, M. I. (1981). The comparative pharmacokinetics of ceftazidime and cefotaxime in healthy volunteers. J. Antimicrob. Chemother. 8, 263–272. doi:10.1093/jac/8.suppl_b.263
 Hornik, C. P., Fort, P., Clark, R. H., Watt, K., Benjamin, D. K., Smith, P. B., et al. (2012). Early and late onset sepsis in very-low-birth-weight infants from a large group of neonatal intensive care units. Early Hum. Dev. 88, S69–S74. doi:10.1016/s0378-3782(12)70019-1
 Jiang, S., Hong, L., Gai, J., Shi, J., Yang, Y., Lee, S. K., et al. (2019). Early-onset sepsis among preterm neonates in China, 2015 to 2018. Pediatr. Infect. Dis. J. 38, 1236–1241. doi:10.1097/inf.0000000000002492
 Kearns, G. L., and Young, R. A. (1995). Pharmacokinetics of cefotaxime and desacetylcefotaxime in the Young. Diagn. Microbiol. Infect. Dis. 22, 97–104. doi:10.1016/0732-8893(95)00052-c
 Kuppala, V. S., Meinzen-Derr, J., Morrow, A. L., and Schibler, K. R. (2011). Prolonged initial empirical antibiotic treatment is associated with adverse outcomes in premature infants. J. Pediatr. 159, 720–725. doi:10.1016/j.jpeds.2011.05.033
 Lamberti, M. J., Kubick, W., Awatin, J., Mccormick, J., Carroll, J., and Getz, K. (2018). The use of real-world evidence and data in clinical research and postapproval safety studies. Ther. Innov. Regul. Sci. 52, 778–783. doi:10.1177/2168479018764662
 Lasky, T., Carleton, B., Horton, D. B., Kelly, L. E., Bennett, D., Czaja, A. S., et al. (2020). Real-world evidence to assess medication safety or effectiveness in children: Systematic review. Drugs Real World Outcomes 7, 97–107. doi:10.1007/s40801-020-00182-y
 LeFrock, J. L., Prince, R. A., and Leff, R. D. (1982). Mechanism of action, antimicrobial activity, pharmacology, adverse effects, and clinical efficacy of cefotaxime. Pharmacotherapy 2, 174–184. doi:10.1002/j.1875-9114.1982.tb03185.x
 Leroux, S., Turner, M. A., Guellec, C. B., Hill, H., Van Den Anker, J. N., Kearns, G. L., et al. (2015a). Pharmacokinetic studies in neonates: The utility of an opportunistic sampling design. Clin. Pharmacokinet. 54, 1273–1285. doi:10.1007/s40262-015-0291-1
 Leroux, S., Zhao, W., Bétrémieux, P., Pladys, P., Saliba, E., Jacqz-Aigrain, E., et al. (2015b). Therapeutic guidelines for prescribing antibiotics in neonates should Be evidence-based: A French national survey. Arch. Dis. Child. 100, 394–398. doi:10.1136/archdischild-2014-306873
 Maksoud, E., Koehl, B., Facchin, A., Ha, P., Zhao, W., Kaguelidou, F., et al. (2018). Population pharmacokinetics of cefotaxime and dosage recommendations in children with Sickle cell disease. Antimicrob. Agents Chemother. 62, e00637-17. doi:10.1128/aac.00637-17
 Manzoni, P., Farina, D., Leonessa, M., D'oulx, E. A., Galletto, P., Mostert, M., et al. (2006). Risk factors for progression to invasive fungal infection in preterm neonates with fungal colonization. Pediatrics 118, 2359–2364. doi:10.1542/peds.2006-1311
 Mukhopadhyay, S., and Puopolo, K. M. (2017). Clinical and microbiologic characteristics of early-onset sepsis among very low birth weight infants: Opportunities for antibiotic stewardship. Pediatr. Infect. Dis. J. 36, 477–481. doi:10.1097/inf.0000000000001473
 National Collaborating Centre For, W. S and Children's, H. (2012). Antibiotics for early-onset neonatal infection: Antibiotics for the Prevention and treatment of early-onset neonatal infection. London: RCOG Press Copyright © 2012, National Collaborating Centre for Women’s and Children’s Health.National institute for health and clinical excellence: Guidance
 Odio, C. M. (1995). Cefotaxime for treatment of neonatal sepsis and meningitis. Diagn. Microbiol. Infect. Dis. 22, 111–117. doi:10.1016/0732-8893(95)00093-p
 Oliver, E. A., Reagan, P. B., Slaughter, J. L., Buhimschi, C. S., and Buhimschi, I. A. (2017). Patterns of empiric antibiotic administration for presumed early-onset neonatal sepsis in neonatal intensive care units in the United States. Am. J. Perinatol. 34, 640–647. doi:10.1055/s-0036-1596055
 Paap, C. M., Nahata, M. C., Mentser, M. A., Mahan, J. D., Puri, S. K., and Hubbard, J. W. (1991). Pharmacokinetics of cefotaxime and its active metabolite in children with renal dysfunction. Antimicrob. Agents Chemother. 35, 1879–1883. doi:10.1128/aac.35.9.1879
 Pacifici, G. M. (2011). Pharmacokinetics of cephalosporins in the neonate: A review. Clinics 66, 1267–1274. doi:10.1590/s1807-59322011000700024
 Patel, K. B., Nicolau, D. P., Nightingale, C. H., and Quintiliani, R. (1995). Pharmacokinetics of cefotaxime in healthy volunteers and patients. Diagn. Microbiol. Infect. Dis. 22, 49–55. doi:10.1016/0732-8893(95)00072-i
 Polin, R. A. (2012). Management of neonates with suspected or proven early-onset bacterial sepsis. Pediatrics 129, 1006–1015. doi:10.1542/peds.2012-0541
 Raba, A. A., O'sullivan, A., Semberova, J., Martin, A., and Miletin, J. (2019). Are antibiotics a risk factor for the development of necrotizing enterocolitis-case-control retrospective study. Eur. J. Pediatr. 178, 923–928. doi:10.1007/s00431-019-03373-0
 Roberts, J. K., Stockmann, C., Constance, J. E., Stiers, J., Spigarelli, M. G., Ward, R. M., et al. (2014). Pharmacokinetics and pharmacodynamics of antibacterials, antifungals, and antivirals used most frequently in neonates and infants. Clin. Pharmacokinet. 53, 581–610. doi:10.1007/s40262-014-0147-0
 Rodieux, F., Wilbaux, M., Van Den Anker, J. N., and Pfister, M. (2015). Effect of kidney function on drug kinetics and dosing in neonates, infants, and children. Clin. Pharmacokinet. 54, 1183–1204. doi:10.1007/s40262-015-0298-7
 Scheel, M., and Perkins, S. (2018). Hit or miss? A review of early-onset sepsis in the neonate. Crit. Care Nurs. Clin. North Am. 30, 353–362. doi:10.1016/j.cnc.2018.05.003
 Schrag, S. J., Farley, M. M., Petit, S., Reingold, A., Weston, E. J., Pondo, T., et al. (2016). Epidemiology of Invasive Early-Onset Neonatal Sepsis, 138. doi:10.1542/peds.2016-2013Pediatrics
 Schrier, L., Hadjipanayis, A., Stiris, T., Ross-Russell, R. I., Valiulis, A., Turner, M. A., et al. (2020). Off-label use of medicines in neonates, infants, children, and adolescents: A joint policy statement by the European Academy of paediatrics and the European society for developmental perinatal and pediatric pharmacology. Eur. J. Pediatr. 179, 839–847. doi:10.1007/s00431-019-03556-9
 Schuchat, A., Zywicki, S. S., Dinsmoor, M. J., Mercer, B., Romaguera, J., O'sullivan, M. J., et al. (2000). Risk factors and opportunities for prevention of early-onset neonatal sepsis: A multicenter case-control study. Pediatrics 105, 21–26. doi:10.1542/peds.105.1.21
 Simonsen, K. A., Anderson-Berry, A. L., Delair, S. F., and Davies, H. D. (2014). Early-onset neonatal sepsis. Clin. Microbiol. Rev. 27, 21–47. doi:10.1128/cmr.00031-13
 Stocker, M., Van Herk, W., El Helou, S., Dutta, S., Fontana, M. S., Schuerman, F., et al. (2017). Procalcitonin-guided decision making for duration of antibiotic therapy in neonates with suspected early-onset sepsis: A multicentre, randomised controlled trial (neopins). Lancet 390, 871–881. doi:10.1016/s0140-6736(17)31444-7
 Stoll, B. J., Hansen, N. I., Sánchez, P. J., Faix, R. G., Poindexter, B. B., Van Meurs, K. P., et al. (2011). Early onset neonatal sepsis: The burden of group B streptococcal and E. Coli disease continues. Pediatrics 127, 817–826. doi:10.1542/peds.2010-2217
 Wise, R., and Wright, N. (1985). The pharmacokinetics of cefotaxime and ceftriaxone in renal and hepatic dysfunction. Infection 13, S145–S150. doi:10.1007/bf01644237
 Wu, Y. E., Wang, T., Yang, H. L., Tang, B. H., Kong, L., Li, X., et al. (2021). Population pharmacokinetics and dosing optimization of azlocillin in neonates with early-onset sepsis: A real-world study. J. Antimicrob. Chemother. 76, 699–709. doi:10.1093/jac/dkaa468
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Shang, Wu, Lv, Zhang, Liu, van den Anker, Xu and Zhao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		REVIEW
published: 07 September 2022
doi: 10.3389/fphar.2022.957376


[image: image2]
The medication for pneumocystis pneumonia with glucose-6-phosphate dehydrogenase deficiency patients
Ziyu Zhang1,2, Qinhui Li3, Xiaoyan Shen4, Lankai Liao5, Xia Wang1, Min Song1, Xi Zheng2, Yulian Zhu6* and Yong Yang2,7*
1Department of Pharmacy, The First People’s Hospital of Ziyang, Ziyang, China
2Department of Pharmacy, Sichuan Academy of Medical Sciences & Sichuan Provincial People’s Hospital, School of Medicine, University of Electronic Science and Technology of China, Chengdu, China
3Department of Medical, Sichuan Academy of Medical Sciences & Sichuan Provincial People’s Hospital, School of Medicine, University of Electronic Science and Technology of China, Chengdu, China
4Department of Pharmacy, Chengdu Qingbaijiang District People’s Hospital, Chengdu, China
5Intensive Care Unit, The Third Hospital of Mianyang, Mianyang, China
6Department of Pharmacy, Ziyang People’s Hospital, Ziyang, China
7Personalized Drug Therapy Key Laboratory of Sichuan Province, School of Medicine, University of Electronic Science and Technology of China, Chengdu, China
Edited by:
Jian Gao, Shanghai Children’s Medical Center, China
Reviewed by:
Meixing Yan, Qingdao Women and Children’s Hospital, China
Jing Tang, Fudan University, China
* Correspondence: Yulian Zhu, 1054507078@qq.com; Yong Yang, yyxpower@163.com
Specialty section: This article was submitted to Obstetric and Pediatric Pharmacology, a section of the journal Frontiers in Pharmacology
Received: 31 May 2022
Accepted: 05 July 2022
Published: 07 September 2022
Citation: Zhang Z, Li Q, Shen X, Liao L, Wang X, Song M, Zheng X, Zhu Y and Yang Y (2022) The medication for pneumocystis pneumonia with glucose-6-phosphate dehydrogenase deficiency patients. Front. Pharmacol. 13:957376. doi: 10.3389/fphar.2022.957376

Pneumocystis pneumonia (PCP) is an opportunity acquired infection, which is usually easy to occur in patients with AIDS, organ transplantation, and immunosuppressive drugs. The prevention and treatment must be necessary for PCP patients with immunocompromise. And the oxidants are currently a typical regimen, including sulfanilamide, dapsone, primaquine, etc. Glucose-6-phosphate dehydrogenase (G6PD) deficiency is an X-linked gene-disease that affects about 400 million people worldwide. The lack of G6PD in this population results in a decrease in intracellular glutathione synthesis and a weakening of the detoxification ability of the oxidants. As a result, oxidants can directly damage haemoglobin in red blood cells, inducing methemoglobin and hemolysis. When patients with G6PD deficiency have low immunity, they are prone to PCP infection, so choosing drugs that do not induce hemolysis is essential. There are no clear guidelines to recommend the drug choice of this kind of population at home and abroad. This paper aims to demonstrate the drug choice for PCP patients with G6PD deficiency through theoretical research combined with clinical cases.
Keywords: PCP, G6PD, immunocompromise, oxidant, hemolysis
1 INTRODUCTION
G6PD deficiency is an X-chromosome-linked genotypic disease and was first found by investigating hemolytic development in patients receiving primaquine (Beutler, 1959; Mbanefo et al., 2017). The incidence of G6PD deficiency in southern Chinese cities such as Guangdong, Guangxi, Sichuan, and Hainan province was as high as 4–11% (Jiang et al., 2006; Liu et al., 2012). Except for red blood cells, G6PD may exist in other tissues, but these issues do not seem to be damaged by the lack of the enzyme. The primary purpose of this enzyme in red blood cells is to protect haemoglobin from oxidation. The critical factor in safeguarding haemoglobin from oxidation in red blood cells is glutathione (Prankerd, 1964). As the substrate of glutathione proenzyme, Glutathione protects cells from the toxicity of hydrogen peroxide produced by oxidizing drugs (Cohen and Hochstein, 1963). Due to the lack of G6PD, the cells cannot provide enough nicotine adenine dinucleotides phosphate (NADP) to maintain Glutathione. Glutathione will overused after taking some antioxidants or eating fava beans. The remaining oxygen-free radicals will directly damage red blood cells, leading to cell rupture and hemolytic anaemia. Such oxidant drugs usually include sulfonamides, sulfones, nitrofurantoin, p-aminosalicylic acid, chloramphenicol, and isoniazid (Allen and Wilkerson, 1972). After the onset of the disease, medicine is unuseful for these people but only with relief of symptoms, so avoiding the excessive consumption of glutathione caused by low G6PD activity is the primary measure. The World Health Organization (WHO) recommended that people in areas where the prevalence of G6PD deficiency is more than 5% should be routinely tested for enzymes at birth. However, the coverage rate of this detection is low. There are still many G6PD deficiency positive patients with hemolytic anaemia after using oxidant drugs. There is sufficient evidence that patients with G6PD deficiency are prohibited from using the following seven drugs: dapsone, methylthioninium chloride (methylene blue), nitrofurantoin, phenazopyridine, primaquine, rasburicase, and tolonium chloride (Youngster et al., 2010).
Pneumocystis pneumonia is an opportunistic infection, its prevention and treatment are essential. The dangerous factors for PCP infection are severe immune deficiency for instance HIV, long-term use of glucocorticoids, tumour, transplantation and severe malnutrition. In that case, the mortality rate exceeds 90% (Hughes et al., 1975; Dei-Cas, 2000; Herrag et al., 2010; Gilroy and Bennett, 2011; Weyant et al., 2021). Sulfonamides and sulfoxides commonly used for PCP patients, and may cause serious adverse reactions in patients with G6PD deficiency. Therefore, it is difficult to choose drugs when patients with such enzyme deficiency are complicated with PCP infection. This article will focus on the prevention and treatment of PCP drugs and analyze the impact of these drugs on patients with G6PD deficiency. To reduce the harm of drugs to such patients, providing the best choice for the prevention and treatment of PCP in patients with G6PD deficiency.
2 G6PD DEFICIENCY
G6PD is not specific to red blood cells. It is a housekeeping enzyme that exists in almost all human cells. The monomer of G6PD is composed of 515 amino acids with a molecular weight of about 59 kDa (Cappellini and Fiorelli, 2008). G6PD can catalyze the oxidation of glucose-6 - phosphate (G6P), convert NADP into NADPH, and provide the reduction capacity for body cells in the form of NADPH (Cappellini and Fiorelli, 2008). NADPH can promote the production of reduced glutathione (GSH), thereby reducing the oxidative stress response of oxidants to body cells (Tsai et al., 1998). In most human cells, NADPH is a crucial component in many biosynthesis processes, including the synthesis of fatty acids, cholesterol, and steroid hormones, and the generation of deoxyribose. G6PD plays an important role in reducing hydrogen peroxide and oxygen free radicals and maintaining hemoglobin and other erythrocyte proteins. In most cells, in addition to G6PD, there are many enzymes catalyzed dehydrogenase reactions to produce NADPH, so even G6PD deficiency cells do not lead to short of NADPH. However, NADPH production in red blood cells is entirely different. The difference is that, with red blood cell differentiation and other enzyme inactivation, NADPH has no other source than the pentose phosphate pathway (Luzzatto et al., 2016). Therefore, red blood cells defend against oxidative stress depending on G6PD and are more vulnerable to G6PD deficiency than other cells. The defects of G6PD are primarily incomplete, and the NADPH produced by the remaining G6PD activity is sufficient to maintain RBC operation but usually short-lived. At this time, if there is exogenous oxidant stimulation, G6PD-deficient red blood cells will not produce enough NADPH and GSH for consumption, which will cause damage to haemoglobin or other proteins, and eventually, lead to red blood cell rupture and hemolysis.
2.1 Genetic characteristics of G6PD deficiency
The G6PD gene is composed of 13 exons of 515 amino acid protein subunits. Except for the binding site between NADP substrate and G6P substrate, each subunit has a closely bound NADP molecule (Au et al., 2000). G6PD deficiency is caused by G6PD gene mutation, resulting in varying degrees of enzyme deficiency and protein variation, which is related to various clinical subtypes. The most usual clinical diseases are neonatal hyperbilirubinemia and acute hemolytic anemia, and exogenous drug use is the main cause.
In the case of G6PD deficiency, the genetic defect is located in the subtelomere region of the long arm of the X chromosome and is also affected by X chromosome inactivation. (Beutler et al., 1962). X linkage has an essential effect on the genetic characteristics of G6PD deficiency. There are only two genotypes in males: hemizygote normal and half zygote G6PD deficiency, while females, have three genotypes: homozygote normal, homozygous deficient, and heterozygote (Cappellini and Fiorelli, 2008). It is generally considered incorrect that the incidence of G6PD deficiency is higher in males than in females since homozygote female are less likely than hemizygote men. Still, there are many more heterozygous females, from the basic principles of population genetics (Hardy-Weinberg equilibrium). These heterozygotic females usually show that half of the red blood cells are G6PD deficient, and half of the red blood cells are G6PD normal. Some heterozygous female patients offer a normal state, and some show a disease state similar to homozygous, which has apparent clinical significance (Rinaldi et al., 1976).
2.2 Epidemiological characteristics of G6PD deficiency
The geographical distribution of G6PD deficiency is extensive, with the frequency peak of infections found in Africa, the Middle East the Mediterranean region, and Asia; however, due to recent migration, this disease occurs in the United States and Northern Europe. The prevalence of the disease is highest in Africa, Asia, the Middle East, Latin America and the Mediterranean. Among them: Kurdish Jews 60–70%, Sardinia 4–35%, Nigeria22%, Thailand17%, Greece6%, South China6%, India3%. The lack of G6PD affects black Americans, of which up to 24% are carriers, and about 10% are affected by black males (Harcke et al., 2019). It is found that the distribution of G6PD deficiency is similar to that of malaria endemic areas. This indirect evidence suggests that G6PD deficiency is resistant to malaria (Ruwende and Hill, 1998), but it does not prove that malaria selects for the gene that causes G6PD deficiency. Natural selection seems responsible for the higher mortality rates of children from malaria in endemic areas. By comparing the incidence of malaria, parasiteia levels, or the severity of malaria in children with G6PD normal and deficiency, studies conducted in Africa and other regions showed that the lack of G6PD appeared to have a protective effect on severe malaria (Rockett et al., 2014; Luzzatto et al., 2016), but the results need more data to support.
According to the law of natural selection, the genetic characteristics associated with the X-linked G6PD gene tend to be stable if both males and females with protective genes increase adaptability (Luzzatto, 2012). However, there is no evidence that population genes have evolved into G6PD deficiency in malaria-prone areas. Although so much current research shows that G6PD deficiency protects against malaria, especially falciparum malaria, the evidence is still insufficient. Therefore, the idea that G6PD deficiency is a protective factor for malaria requires more research data.
2.3 Clinical manifestations of G6PD deficiency
Patients with G6PD deficiency usually have no obvious clinical manifestations but can lead to disease only under exogenous stimulation. In infants with G6PD deficiency, neonatal jaundice (NNJ) risk is higher. There is not enough evidence for this phenomenon, but this may be the most common cause of NNJ in countries where G6PD deficiency is widespread. Serious complications may occur in semi-zygotic boys and girls with G6PD deficiency (Doxiadis et al., 1964). Another clinical manifestation of acute hemolysis is often caused by exogenous substances, including fava beans or some drugs, such as chloroquine, sulfanilamide, naphthalic acid, etc.
Red blood cells (RBC) may rupture after eating fava beans in G6PD deficiency patients. Ruptured RBC can lead to a sharp drop in haemoglobin, acute hemolysis, and hemoglobinuria. A particular glycoside in fava beans causes this phenomenon and can occur at any age, but it is more usual and dangerous in childhood (Luzzatto et al., 2016). Studies have shown that patients with G6PD are more likely to develop sepsis, so treatment for patients with G6PD deficiency needs to be more cautious (Spolarics et al., 2001). Infectious diseases are also one of the risk factors for hemolysis. So, it is challenging to distinguish whether the cause of hemolysis is disease or drugs. When a patient with G6PD deficiency is co-infected, the choice of medicine will be critical (Youngster et al., 2010).
3 PNEUMOCYSTIS PNEUMONIA
3.1 Definition
PCP can lead to aggravation of diseases and even death in patients with immunocompromised, especially with HIV infection (Huang et al., 2006; Herrag et al., 2010; Huang, 2011). Initially, Plasmodium Cysticercosis was initially classified as protozoans because of their morphological characteristics similar to those of protozoans and their sensitivity to antiprotozoal drugs. Because its cytoderm composition and nucleotides are identical to fungi, they have recently been classified as fungi. The earliest molecular biological evidence also suggests that Plasmodium cysticercosis is a fungus (Santamauro et al., 2002; Lu and Lee, 2008).
3.2 Clinical manifestations
The symptoms and signs of pneumocystis pneumonia are atypical and are often mistaken for infections caused by other bacteria or viruses (Weyant et al., 2021). The common symptoms of PCP include dyspnea, fever, and hacking cough, and there are other atypical symptoms, such as chest pain, hemoptysis, hypoxia, and diffuse dry rale during an examination (Singhal et al., 2005; Fujii et al., 2007; Thomas and Limper, 2007). The clinical manifestations of HIV complicated with PCP infection are different from those of other causes of immune dysfunction. The course of the PCP in patients with HIV is often longer, usually manifested as a hidden course with symptoms; some studies showed the duration could be as long as 28 days (Catherinot et al., 2010). Patients with immunodeficiency without HIV tend to have more severe symptoms and a higher risk of respiratory failure and death (Krajicek et al., 2008; Weyant et al., 2021).
3.3 Characteristics of the disease
It may not be abnormal or accompanied by strange respiratory sounds in the initial chest examination. Still, later, the disseminated rale and pulmonary shadow will be severe if not treated. The typical manifestations are diffuse interstitial syndrome on x-ray chest film and diffuse bilateral ground-glass shadow on CT, mainly in the perihilar inferior areas. Other features include focal patchy parenchymal consolidation, cysts, solid nodules, pneumothorax, and some cavity and honeycomb lesions (Santamauro et al., 2002; Fujii et al., 2007; Thomas and Limper, 2007). Zaman et al. proposed that elevated serum lactate dehydrogenase (LDH) levels are closely associated with PCP infection. In AIDS patients, the absolute level greater than 450 IU may suggest the infection of pneumocystis pneumonia, while normal levels indicate a lower likelihood of PCP infection (Zaman and White, 1988). However, LDH is not a specific indicator, especially in some potential malignant tumors or patients with liver dysfunction. Whether or not the people affected by HIV or the level of LDH is within the normal range, these patients may develop pneumocystis pneumonia (Santamauro et al., 2002). Sputum induction is a susceptible method for diagnosing pneumocystis pneumonia in laboratory tests, with a sensitivity between 55 and 95% for PCP in HIV-infected persons (Santamauro et al., 2002). Bronchoalveolar lavage fluid is another practical test for PCP in immunosuppressed patients, and the test has almost 100% sensitivity and peculiarity. In addition, the current methods used to detect PCP-positive microorganisms are immunofluorescence (IFL), cytology, polymerase chain reaction (PCR), or silver staining, in which PCR is more sensitive but cannot distinguish colonization from infection (Santamauro et al., 2002; Azoulay et al., 2009; Catherinot et al., 2010; Wilson et al., 2011).
3.4 Susceptible population
Generally, Pneumocystis mainly causes infection in immunocompromised patients but can colonize in individuals with standard immune systems and spread to patients with immune impairment (Ponce et al., 2010). Among them, the causes of immune deficiency are HIV, glucocorticoids, and cellular immune deficiency. Cancer (especially haematological malignancies), hematopoietic stem cell transplantation (HSCT), or solid organ transplantation acceptor are the leading causes. Following, connective tissue diseases, systemic diseases, rheumatism, severe immunodeficiency, and severe malnutrition also play a role (Dei-Cas, 2000; Herrag et al., 2010; Sadanand, 2011; Weyant et al., 2021). In patients without HIV infection, the most critical risk factor for PCP was glucocorticoids and cell-mediated immunity deficiencies (Sepkowitz et al., 1992; Sepkowitz et al., 1995).
3.5 Treatment programmes
According to the symptoms, signs, and chest radiography of PCP patients, the disease status is divided into three grades: mild, moderate, and severe. Despite other medications for pneumocystis pneumonia, trimethoprim-sulfamethoxazole (TMP-SMX) remains the recommended first-line treatment for mild to middle infections, which has good oral bioavailability (Singhal et al., 2005; Carmona and Limper, 2011). Intravenous or oral administration can achieve appropriate serum levels in patients without impaired gastrointestinal function. TMP-SMX (15 mg/kg every 6–8 h) was routinely administered according to renal function. As for non-critical patients who can take oral medication, two double dosage tablets every 8 h are recommended (Goto and Oka, 2011). Sulfoxide combined with trimethoprim, primaquine combined with clindamycin, and atovaquone is the second-line treatment options for mild to moderate PCP patients. The first-line drug for patients with severe infection is still TMP-SMX. And primaquine combined with clindamycin, caspofungin combined with TMP-SMX, and intravenous injection of Pentamidine is the second-line drugs. Besides, In some cases, methotrexate plus calcium folinate can be used as a rescue treatment for PCP (Huang et al., 2006; Calderón et al., 2010; Rouyer et al., 2015). Glucocorticoids can reduce pulmonary inflammation caused by pulmonary cysticercosis for patients with severe PCP. It significantly prevents oxidative deterioration, mortality, and intubation in the first 7 days of HIV treatment (50 percent reduction) (Briel et al., 2005). For non-HIV patients with severe PCP, daily doses of prednisone greater than or equal to 60 mg were more effective than lower doses (Pareja et al., 1998).
3.6 Preventive measures
In patients with HIV, the count of CD4 T cells is a helpful marker and classifies the risk of PCP. TPCP patients need Primary prevention when the count of CD4 cells is lower than 200/mm3. However, in patients without AIDS, there were no valuable markers for monitoring immune status (Santamauro et al., 2002). TMP-SMX is the first selection to prevent PCP; sulfoxide is the second-line drug to prevent PCP, which is banned in G6PD enzyme deficiency patients (Bellamy, 2008). Atovaquone is a suspension that only fatty foods can promote its absorption. It has been widely studied in the human immunodeficiency virus population and small-scale trials of solid organ transplantation recipients. It can be used as a second-track drug to prevent PCP. Compared with TMP-SMX, sulfoxide, or Atovaquone, inhaled injection of Pentamidine is less effective and should be regarded as a third-line drug to prevent PCP. In the study of HIV patients, clindamycin combined with pyrimidine was neither less effective than TMP-SMX nor sulfoxide or pentamidine (Davey and Masur, 1990; Goto and Oka, 2011; Rouyer et al., 2015; Brakemeier et al., 2018).
4 THE EFFECT OF DRUGS IN PNEUMOCYSTIS PNEUMONIA WITH G6PD DEFICIENCY
The most severe consequence of patients with G6PD deficiency is that the red blood cells of some patients will cause oxidative damage and acute hemolysis under drugs, acute diseases, and certain foods (such as broad beans). If patients can avoid using some medications to reduce oxidative stress exposure, the incidence of hemolysis may be significantly reduced. Some oxidant medicines for the prevention and treatment of PCP can lead to acute hemolysis in patients with G6PD deficiency. In the following, we will analyze the drugs used for PCP prevention and treatment one by one to evaluate the hemolysis risk of these drugs in patients with G6PD deficiency.
4.1 The influence of oxidants
At present, sulfonamides are the main recommended drugs in the first line for PCP, among which TMP-SMX is the optimal choice for these patients. The main alternatives include sulfoxide, trimethoprim, primaquine, clindamycin, etc. However, sulfoxide-trimethoprim and clindamycin-primaquine regimens are prohibited in Use in G6PD deficiency (Warren et al., 1997; Castro, 1998; Sadanand, 2011). These common oxidant drugs may cause a risk for acute hemolysis in G6PD deficiency. Hemolytic anaemia caused by G6PD deficiency is a self-constraint process; sometimes, anemia may not be apparent. The WHO classifies G6PD deficiency into five grades based on the wide range of enzyme activity in genotypes and heterozygotes: grade 1 showed severe deficiency, accompanied by chronic non-spherical hemolytic anaemia, grade 2 severe deficiency (enzyme activity was 1–10%), grade 3 moderate deficiency (the range of enzyme activity is 10–60%), grade 4 regular (enzyme activity 60–150%) The activity of grade 5 was enhanced (>150%) (WHO Working Group, 1989). Although the enzyme activity is different, oxidant drugs can cause hemolytic anaemia in various stages of enzyme deficiency. Several drugs are associated with acute hemolysis in G6PD deficient population, such as Primaquine, Sulfanilamide, Sulfapyridine, TMP-SMX, dapsone, Nitrofurantoin, Co-trimoxazole (Beutler, 1964; Beutler, 1996).
4.1.1 Sulfonamides
TMP-SMX, as the most optimized selection for PCP, can reduce mortality and intubation rates. Compared with controls, A Cochrane meta-analysis reports a 91% reduction in the incidence of PCP and an 83% reduction in mortality (Hughes et al., 1975; Maschmeyer et al., 2016). At the same time, metabolic disorders, drugs, and hepatitis are also factors of hemolysis in G6PD deficiency. Patients with PCP infection who use sulfonamides may increase the danger of hemolysis due to the influence of ailment and drugs. TMP-SMX has been associated with severe side effects of medicine source hemolytic anemia due to lack of G6PD activity (Frank, 2005). In an early study, 75% of patients with G6PD deficiency developed hemolysis after treatment with sulfonamides. However, sulfonamides are not contraindications for all patients with G6PD. In black women, there was a low risk of severe hemolysis after therapy with sulfonamides in G6PD deficiency (Norden et al., 1968). In the Chan et al. Study, ten infants with G6PD deficiency were treated with TMP-SMX at a dose of 5–10 mg/kg, and the daily dose is about 30–50 mg. Before and 5 days after treatment, we reviewed the haemoglobin, hematocrit, reticulocyte count, and blood smear and found no signs of hemolysis in the infant. We found an experiment result; even if the G6PD deficiency showed the same activity as the G6PD enzyme, it could lead to differences in drug metabolism due to liver and kidney function changes or some uncertain metabolic characteristics, or other coexisting diseases (Chan et al., 1976). Whether or not these sulfonamides cause severe hemolytic anaemia, the World Health Organization and many studies have banned their use in the G6PD deficiency population. Above all, it is best to prevent G6PD deficiency patients from choosing such drugs and selecting other medicines.
4.1.2 Primaquine
Primaquine, combined with clindamycin as an alternative treatment for PCP, is an antiparasitic agent used primarily to prevent and treat malaria. A controlled study of primaquine for safety and tolerance showed that the average hematocrit of G6PD deficiency patients taking primaquine decreased significantly on the 7th, 8th, and 9th day (p = 0.015, 0.027, 0.048) (Krudsood et al., 2006). Some early tests demonstrated that primaquine at a daily dose caused intravascular hemolysis in glutathione-deficient red blood cells, with severity associated with glutathione, and suggested that ascorbic acid might alleviate such hemolysis (Greenberg and Wong, 1961). So, we must be careful about using primaquine in patients with a G6PD deficiency.
Several studies have shown that primaquine has dose-dependent hemolysis: a higher dosage of primaquine may lead to significant clinical hemolysis in G6PD heterozygotic women. A prospective study of 801 malaria patients showed that in Thailand, where the epidemic variation of G6PD deficiency was relatively mild, many sufferers with G6PD deficiency could not tolerate large doses of primaquine. In a subject with G6PD deficiency, high doses of primaquine may be contraindicated, but standard doses of primaquine with careful monitoring of hematocrit may also be a treatment option (Silachamroon et al., 2003). It has been found that giving primaquine twice a week provides more hemolytic effect than once a week. In contrast, the control group without G6PD deficiency does not cause anaemia (Zipursky et al., 1965; Tine et al., 2017).
Low doses of primaquine are safer than high doses of primaquine: the WHO recommended combined therapy of a single dose of 0.25 mg/kg. Standard artemisinin is safe in treating acute uncomplicated Plasmodium falciparum malaria, whether or not patients have G6PD deficiency. Other tests also showed a lower risk of hemolysis after daily administration of primaquine with a single dosage of 0.25 mg/kg (Eziefula et al., 2014; Bancone et al., 2016; Mwaiswelo et al., 2016; Bastiaens et al., 2018; Dysoley et al., 2019). In a systematic evaluation of primaquine in the therapy of malaria, the higher dose of the remedy, the higher the rish of anaemia in G6PD deficiency compared with placebo. However, there was no significant difference in haemoglobin decrease on the 7th day compared with placebo at low doses such as 0.25 mg/kg (Uthman et al., 2017).
The hemolysis caused by primaquine and chloroquine in Caucasians or Asians with g6pd deficiency has not been thoroughly studied. Still, enzyme deficiency is more severe in these groups than in blacks, and even given low doses of drugs can cause more severe hemolysis (Brewer and Zarafonetis, 1967). The severity of hemolysis in G6PD deficiency flocks relies on enzyme deficiency, the accumulated dose, drug exposure time, and other agents such as infection, age, and haemoglobin (Hb) concentration (Cappellini and Fiorelli, 2008).
4.1.3 Dapsone
Dapsone is a sulfone antibiotic that can prevent pneumocystis pneumonia in patients with sulfonamide allergy. The primary adverse reaction was hemolytic anaemia caused by sulfone drugs. The hdroxylamine is a toxic metabolite, the leading cause of hemolysis. It is mainly produced by the metabolism of cytochrome P450 enzymes after the absorption of dapsone in the gastrointestinal tract into the blood system through the portal vein to the liver. It generates free radicals, which cause haemoglobin damage and hemolytic anaemia forasmuch as glutathione consumption. In patients with G6PD deficiency, these hydroxylamine metabolites consume large amounts of glutathione, rapidly deplete its stores and increase the chance of hemolytic anaemia (Grossman and Jollow, 1988; Jollow et al., 1995; Zhu and Stiller, 2001). In addition, the antioxidants vitamin C or other vitamins cannot neutralize the metabolites produced by dapsone, and such antioxidants do not reduce the incidence of hemolytic anaemia.
There are some adverse reactions associated with dapsone in transplant patients. In individuals with G6PD deficiency, children who received sulfoxide treatment for malaria developed hemolytic anaemia more frequently than those who received the treatment of artemisinin (29%) (Van Malderen et al., 2012). Animal experiments showed that individuals lacking G6PD showed a tripling sensitivity to hemolytic anaemia induced by sulfoxide (Grossman et al., 1995). The Enzyme activity detection is a routine test for G6PD deficiency, but molecular analysis of female heterozygotes may be required. We found a Greek woman whose G6PD enzyme activity was detected to decrease and developed severe acute hemolysis following initiation of dapsone therapy (Lee and Geetha, 2015). A multicenter randomized controlled study of thousands of people showed signs of hemolysis in almost all G6PD deficient children receiving sulfoxide, with normal erythrocyte morphology before treatment and a significant decrease in haemoglobin after treatment (Pamba et al., 2012). A study in North America reported that in a population with stem cell transplantation (SCT), dapsone had a higher risk of hemolysis than dapsone and TMP-SMX in preventing PCP. Although most of the patients who received sulfoxide prophylaxis were negative for G6PD activity fluorescence screening tests, there is still existed hemolysis induced by dapsone (Zhu and Stiller, 2001). Another trial also showed that dapsone had a higher risk of hemolysis than TMP-SMX (87 vs. 0%, p = 0.001) (Olteanu et al., 2012). Four patients switched from TMP-SMX to dapsone in renal transplants due to allergy to sulfonamides and subsequently developed methemoglobinemia. So, early identification and discontinuation of sulfoxide were essential (Salim et al., 2017). Another study showed that 46% of 26 renal transplants using sulfoxide also developed methemoglobin (Mitsides et al., 2014). A randomized controlled clinical trial of complicated falciparum malaria in Africa also suggested that the risk of haemoglobin decline in patients with G6PD deficiency was even higher in the Chlorproguanidine - dapsone group than in the sulfadoxine-pyrimethamine group (Alloueche et al., 2004). Several studies have found that the incidence of methemohemoglobin induced by dapsone is higher than that of TMP-SMX. This may be due to the differentiation in the formation, disposal, virulence and detoxification of TMP-SMX and dapsone hydroxylamine metabolites (Reilly et al., 1999). The above studies showed that sulfoxide is more likely to consume reduced glutathione in red blood cells as an oxidant, so we do not advise patients with G6PD deficiency to choose sulfoxide to prevent or treat PCP.
4.2 The effect of non-oxidants
As for the prevention and treatment of PCP, gene screening and enzyme activity examination are the first step in patients with G6PD deficiency. Then, we recommended different drugs according to the degree of enzyme deficiency. We should conduct Long-term follow-ups in patients with a serious degree of G6PD deficiency, and tell the one and their families about the food and drugs which is prohibited and cautious to use. Regardless of the degree of enzyme deficiency in patients, we should also give the appropriate medication guidance to patients to prevent hemolytic diseases. In this paper, we summarize several PCP prophylaxes and therapeutic drugs for the patients with G6PD deficiency.
4.2.1 Atovaquone
Atovaquone is traditionally known as a broad-spectrum antiparasitic drug. It is similar to the coenzyme Q, which inhibits the electron transport chain by preventing ubiquinone from binding to cytochrome B (Baggish and Hill, 2002). HIV-infected patients with TMP-SMX or sulfoxide tolerance, especially patients with G6PD deficiency (also known as favism), can be treated with Atovaquone. Although Atovaquone is not as effect availability as TMP-SMX in the PCP, its main advantage is oral administration, tolerable side effects, and fewer adverse reactions, so it is the replacement therapy for mild to moderate PCP (Weyant et al., 2021). Among solid organ transplant recipients with regular G6PD activity, dapsone had more significant haemoglobin reduction and drug discontinuation rates compared with Atovaquone (Hedvat et al., 2021). Douzinas et al. reported A clinical case in a G6PD deficiency patient with severe PCP infection have completely cured with Atovaquone (Douzinas et al., 2010). However, Atovaquone cannot be used in combination with rifampin, azanavir and weilun, because these drugs can reduce its blood concentration.
4.2.2 Pentamidine
Pentamidine is an aromatic diamidine with a wider scope of antimicrobial effects. And it has an optimal investigation in antigenic animals such as trypanosomiasis and leishmaniasis. It is given that it has a broad antibacterial mechanism. It can reduce polyamine synthesis by inhibiting the ornithine carboxylase and binding the Trypanosoma motor DNA and RNA to reduce polyamine synthesis. It can also inhibit polymerase impairment of ribosome function and the synthesis of nucleic acid and protein. The mechanism of action remains unclear. There is currently sufficient evidence for the use of pentamidine in the treatment of PCP, and we recommend intravenous injection as a major alternative to TMP-SMX for moderate to severe PCP (Calderón et al., 2010). The effective rate of atomizing Pentamidine in preventing the first attack of PCP in HIV- infected patients was 60–70%. There were no apparent side effects except cough (Hirschel et al., 1991). A systematic review of the second-line treatment of PCP suggests that Pentamidine may be more commonly used in patients with severe PCP but may lead to more deaths than TMP-SMX due to the adverse risk of spraying amidine (Benfield et al., 2008). In addition, a retrospective research of adverse reactions caused by pentamidine treatment of PCP showed that nephrotoxicity, abnormal blood glucose, hepatotoxicity, hyperkalemia, and hyperamylasemia accounted for 80%, and hemolytic anaemia was not reported (O'Brien et al., 1997). So, Pentamidine is a relatively safe option in patients with G6PD deficiency.
4.2.3 Clindamycin
Clindamycin is one of the Lincomycin derivatives and has good antimicrobial activity against Gram’s positive bacterium and Gram-negative anaerobes. The primary mechanism is to inhibit the ribosome of 50s and prevent the synthesis of proteins. In protozoa, the target of clindamycin is a parasite-specific organelle (a plastid organelle), which reduces toxin production in bacterial staphylococci and streptococci. However, the mechanism of its use in the treatment of PCP is not precise (Fichera and Roos, 1997). Clindamycin combined with primaquine as a second-line treatment is more effective than Pentamidine in patients with TMP-SMX intolerance, according to a study (Kim et al., 2009). In a meta-analysis by Smego et al., the success rate of clindamycin combined with primaquine in the treatment of PCP was 92% higher than that of Atovaquone and Pentamidine (Smego et al., 2001). There are no reports of hemolytic anaemia caused by clindamycin in patients with G6PD deficiency. However, clindamycin and primaquine are often combined to prevent and treat PCP. As an oxidant, primaquine has a particular effect on G6PD deficiency patients. However, studies in recent years have reported that low-dose primaquine has less risk of hemolytic anaemia in G6PD deficiency (Eziefula et al., 2014; Bancone et al., 2016; Mwaiswelo et al., 2016; Uthman et al., 2017; Bastiaens et al., 2018; Dysoley et al., 2019). Clindamycin combined with low dose primaquine may be a potential solution for PCP patients with G6PD deficiency, but more clinical trials are needed to validate this regimen.
4.2.4 Echinocandins
Echinocandins (such as caspofungin, micafungin, etc.) are a new class of antifungal drugs targeting β (1, 3)-D-glucan. Because there is β (1, 3)-D-glucan in the cell wall of cysticercosis, Echinocandins can kill pneumocystis by inhibiting the synthesis of β (1, 3)-D-glucan. Some animal experiments showed that the drug was influential in the animal model of PCP (Furuta et al., 1997; Kamboj et al., 2006). There is no wide prospective analysis on the management of PCP with Echinocandins, and many case reports or cohort studies reported the clinical data as a remedial measure for the failure of TMP-SMX (Annaloro et al., 2006; Hof and Schnülle, 2008; Armstrong-James et al., 2011). Herbert Hof reported a 60-year-old patient with PCP complicated with Wegener granulomatosis. After failing to respond to TMP-SMX treatment, the patient switched to intravenous caspofungin at a load dosage of 70 mg and a maintenance dose of 50 mg/day. Symptoms improved 3 weeks later (Hof and Schnülle, 2008). The success of this case suggests that echinocandin may be a reliable candidate for the treatment of PCP, which deserves more research and attention.
Similarly, ten patients who could not tolerate first-line therapy used caspofungin in a European retrospective clinical study of HIV with PCP. Eight patients were successfully treated (one patient died of pneumothorax, and one died of lymphoma). Who suggested that caspofungin was effective as a salvage treatment (Armstrong-James et al., 2011). There is less data on Echinocandins in G6PD deficiency and PCP. Still, some clinical cases presented that an HIV-infected patient diagnosed with PCP and G6PD deficiency achieved successful results after 3 weeks of treatment with Anidulafungin when TMP-SMX was disabled (Chang et al., 2018).
4.3 Assisting effect
4.3.1 Glucocorticoids
Glucocorticoids as immunosuppressants may increase the chance of Pneumocystis pneumonia infection. Higher doses of glucocorticoids have been reported in some studies related to higher mortality in patients with PCP (Ando et al., 2019). So, is glucocorticoid appropriate as a treatment for PCP patients with G6PD deficiency? We found the answer through some clinical reports. For patients with severe HIV-associated PCP, adjunctive corticosteroids are an advocate in PCP patients whose arterial oxygen partial pressure is lower than 70 mmHg. Early use of glucocorticoids can reduce pulmonary inflammation and edema, improve respiratory status, reduce the risk of respiratory failure, and improve the severe adverse reactions caused by sulfonamides (Bozzette et al., 1990; Gagnon et al., 1990; Wazir and Ansari, 2004). A meta-analysis showed that adjuvant corticosteroid therapy could reduce the hazard of death in the HIV-associated PCP population with hypoxia. Still, there is no evidence that adjuvant glucocorticoid therapy was effective for mild PCP (Briel et al., 2005). Moreover there are limited data to support the action of adjuvant corticosteroids in the therapy of non-HIV-associated PCP, and further research is needed to explain the role of corticosteroids in PCP (Injean et al., 2017). So, for patients with severe PCP, early glucocorticoid use seems beneficial. However, there is little evidence that auxiliary glucocorticoid is effective for mild PCP.
5 SUMMARY
There are several different degrees according to enzyme activity in G6PD deficiency. Patients with a mild enzyme activity deficiency may not have any adverse reactions. Still, patients with a moderate and severe lack of enzymes may have hemolytic anaemia and other severe consequences after using oxidants, such as sulfanilamide, dapsone and primaquine. Therefore, it is challenging to select medicines for PCP when the activity of G6PD is unknown. If medical conditions permit, we recommend measuring the G6PD enzyme activity before using oxidant drugs. The patient’s hematocrit and the clinical manifestation of hemolysis should be monitored regularly during oxidant drugs (Todd et al., 1994; Belfield and Tichy, 2018). For patients with G6PD deficiency, according to the enzyme activity, the most effective measure is to avoid exposure to oxidant drugs. Choose atovaquone and pentamidine, which have more evidence in the alternative plan. Other drugs, such as clindamycin, Echinocandins, and glucocorticoid, can be used as a single or combined remedy.
6 DISCUSSION
The screening of G6PD deficiency in China is still not routine surveillance, and its pathogenesis belongs to X chromosome linkage incomplete dominant inheritance. Male patients usually show a significant decrease in enzyme activity, while female patients are mainly heterozygotes. The range of G6PD enzyme activity varies widely, and the diagnosis is difficult, which challenges the choice of drugs. If such patients use oxidant drugs, they may have serious consequences: such as sulfonamides, which can lead to dangerous or fatal hemolytic anaemia (Bernstein and Lorincz, 1981; Norby et al., 1981). For G6PD deficiency, primaquine should be avoided or carefully used under the supervision of experts (Kovacs and Masur, 2009; Lalloo et al., 2016). In addition, even after taking the standard dose of primaquine, the specific volume of blood cells began to decrease at 2–4 days, reached the lowest level at 8–12 days, and developed reticulocytosis 4–6 days later, accompanied by elevated serum bilirubin, as well as a series of symptoms of fatigue, grief, fever, and jaundice (Reinke et al., 1995). Therefore, we generally do not recommend oxidant-type drugs for patients with G6PD deficiency who need to prevent or treat PCP.
Pneumocystis pneumonia is the most common life-threatening infection in immunocompromised populations. A study reported that in the absence of prevention, the incidence of PCP in solid organ transplant recipients was 6.8–22%, so it is recommended to receive PCP prevention at least 6 months after organ transplantation (Al-Raisi et al., 2009). People living with HIV, recipients of hematopoietic stem cell transplantation (HCT) or solid organ transplantation, cancer patients (especially patients with hematological malignancies), and people with low immunity receiving glucocorticoids, chemotherapy drugs and other immunosuppressive drugs are all at high risk for PCP infection. The National Comprehensive Cancer Network (NCCN) Clinical Practice Guidelines in Oncology recommend that in acute lymphoblastic leukemia, the prevention of PCP should run through the entire anti-leukemia treatment process. We successfully implemented PCP prevention for a 4 - year-old child with G6PD deficiency and acute T-lymphocyte leukemia. The patient was screened in Sichuan Provincial People’s Hospital at birth and found to have decreased G6PD enzyme activity and diagnosed with G6PD deficiency. The boy was diagnosed with acute T-cell lymphoblastic leukemia in September 2021. He had been treated with vincristine, daunorubicin, thiopurine, and dexamethasone, and intrathecal injection of methotrexate, cytarabine, and dexamethasone to prevent central leukemia. According to the NCCN guidelines, patients with acute lymphoblastic leukemia who were treated with chemotherapy drugs were at high risk of PCP infection. We implemented measures to prevent PCP in the boy. Due to the lack of G6PD, clindamycin 5 mg/kg was selected as the second-line regimen to prevent PCP thrice a day. During the treatment of leukemia for half a year, the infection of PCP was successfully avoided in children, indicating that clindamycin can be used as a preventive drug for such patients, with good safety and no adverse reactions such as hemolytic anemia.
Combined with clinical cases and previous experience, we suggest that for patients with G6PD deficiency, it is recommended that red blood cells, haemoglobin, reticulocytes, etc., should be monitored regularly before or after the use of sulfonamides or sulfoxide and other oxidant drugs, because some adverse reactions such as hemolytic anaemia may subside when sulfonamides stop taking drugs (Bernstein and Lorincz, 1981). Not clear about the inspection indicators will affect our diagnosis of G6PD deficiency and may have adverse effects on the future when using oxidant drugs. For patients with G6PD deficiency, regardless of their enzyme activity, our recommendation is to avoid the application of control for PCP and to choose other drugs as alternative treatments; we recommend six options as follows:
1) Atovaquone is rarely used in China, making it difficult to obtain these drugs, especially in many primary hospitals in China. However, it is still an adequate substitute for the PCP’s prophylactic and therapeutic. For patients with G6PD deficiency, we recommend that Atovaquone 750 mg be taken twice a day for oral treatment or 1500 mg once daily for prevention (Dennis and Kasper, 2019).
2) Pentamidine is a recommended alternative drug for PCP in the current guidelines, including 3∼4 mg/kg, given intravenously once a day, or 300 mg monthly atomization therapy to prevent PCP (Dennis and Kasper, 2019). The efficacy is worse than that of Atovaquone, TMP-SMX, or dapsone, but its occurrence of hemolytic anaemia in patients with G6PD deficiency is minor. So, it is also our recommended drug.
3) In recent years, there have been reports and studies on the adverse reactions to haemoglobin reduction of primaquine. Whether or not patients suffer from G6PD deficiency, many studies have confirmed that there is no a significant difference in the adverse reactions of hemolytic anaemia between patients with G6PD deficiency and ordinary patients when primaquine is used with a low dose of 0.25 mg/kg/d. Therefore, we suggest that without other better options, patients with G6PD deficiency can be given low dose primaquine 0.25 mg/kg/d under the supervision of a doctor. Not more than 7 days of use, and need to monitor haemoglobin, red blood cells, reticulocytes, and so on.
4) In our case, Clindamycin is also a good choice about it successfully prevented PCP infection in a 4-year-old child. Regarding clindamycin treatment, we generally do not recommend a single drug treatment because its single drug use effect is poor. As the PCP alternatives treatment, we recommend clindamycin 300–450 mg Every 6 h, or 600 mg, Every 6–8 h (Dennis and Kasper, 2019)combined with primaquine 0.25 mg/kg/d. Pay close attention to the use of related blood indicators.
5) Caspofungin is an alternative therapy for PCP. However, there are few reports, and several literature reports on the treatment of PCP of sulfonamides are not suitable for successful examples. In addition, Carpofungin is metabolized slowly by hydrolysis and n-acetylation and spontaneous chemical degradation without the inhibition of the CYP system. According to the treatment experience, our recommended dose is 70 mg/d for the first time, followed by 50 mg/d, and the course of treatment depends on the patient’s remission (Annaloro et al., 2006; Hof and Schnülle, 2008; Armstrong-James et al., 2011). It may be a wonderful choice for PCP patients with G6PD deficiency who cannot tolerate sulfonamides, dapsone, primaquine and other drugs.
6) Although the evidence is limited, prednisone or methylprednisolone 40 mg once or twice a day for 5 days in patients with moderate to severe PCP is recommended (Bozzette et al., 1990; Gagnon et al., 1990). A reasonable method is to treat patients by taking at least 20 mg of prednisone a day for more than 1 month (Kovacs and Masur, 2009).
There were differences in the risk of drug use in patients with G6PD deficiency due to genetic polymorphism. Although a few case reports suggest that some patients have a low risk of hemolysis after medication, we still should monitor during treatment. Our suggestions come from clinical studies and case reports. We have not found randomized controlled trials or meta-analyses to demonstrate our views, so our opinions have some limitations. We expect that there will be more clinical studies on the prevention and treatment of PCP infection in G6PD patients in the future to provide the basis and guarantee for the safety of drug use in these patients.
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Background: Drug-induced kidney injury (DIKI) is one of the most common complications in clinical practice. Detection signals through post-marketing approaches are of great value in preventing DIKI in pediatric patients. This study aimed to propose a quantitative algorithm to detect DIKI signals in children using an electronic health record (EHR) database.
Methods: In this study, 12 years of medical data collected from a constructed data warehouse were analyzed, which contained 575,965 records of inpatients from 1 January 2009 to 31 December 2020. Eligible participants included inpatients aged 28 days to 18 years old. A two-stage procedure was adopted to detect DIKI signals: 1) stage 1: the suspected drugs potentially associated with DIKI were screened by calculating the crude incidence of DIKI events; and 2) stage 2: the associations between suspected drugs and DIKI were identified in the propensity score-matched retrospective cohorts. Unconditional logistic regression was used to analyze the difference in the incidence of DIKI events and to estimate the odds ratio (OR) and 95% confidence interval (CI). Potentially new signals were distinguished from already known associations concerning DIKI by manually reviewing the published literature and drug instructions.
Results: Nine suspected drugs were initially screened from a total of 652 drugs. Six drugs, including diazepam (OR = 1.61, 95%CI: 1.43–1.80), omeprazole (OR = 1.35, 95%CI: 1.17–1.54), ondansetron (OR = 1.49, 95%CI: 1.36–1.63), methotrexate (OR = 1.36, 95%CI: 1.25–1.47), creatine phosphate sodium (OR = 1.13, 95%CI: 1.05–1.22), and cytarabine (OR = 1.17, 95%CI: 1.06–1.28), were demonstrated to be associated with DIKI as positive signals. The remaining three drugs, including vitamin K1 (OR = 1.06, 95%CI: 0.89–1.27), cefamandole (OR = 1.07, 95%CI: 0.94–1.21), and ibuprofen (OR = 1.01, 95%CI: 0.94–1.09), were found not to be associated with DIKI. Of these, creatine phosphate sodium was considered to be a possible new DIKI signal as it had not been reported in both adults and children previously. Moreover, three other drugs, namely, diazepam, omeprazole, and ondansetron, were shown to be new potential signals in pediatrics.
Conclusion: A two-step quantitative procedure to actively explore DIKI signals using real-world data (RWD) was developed. Our findings highlight the potential of EHRs to complement traditional spontaneous reporting systems (SRS) for drug safety signal detection in a pediatric setting.
Keywords: drug-induced kidney injury, children, active monitoring, electronic health records, signal detection
1 INTRODUCTION
Drug-induced kidney injury (DIKI), as one of the most common adverse drug reactions (ADRs), is a significantly increased clinical problem worldwide. It may lead to clinical symptoms such as oliguria, anuria, and acute renal failure (Radi, 2019). Studies have shown that the incidence of DIKI in hospitalized patients is about 2%–5%, accounting for 19%–40% of acute kidney injury (AKI) (Hosohata, 2016). Children are at higher risk of developing DIKI compared with adults; several factors contribute to the pediatric renal damage onset, including the immaturity of renal functions and specific pathological conditions (Faught et al., 2015a). Data from critically ill children who have DIKI suggest that survivors develop a risk for the development of chronic kidney disease (Hanna et al., 2016). In addition to that, DIKI is more likely to occur in the post-marketing of drugs than in the pre-marketing setting as its incidence is low (Faught et al., 2015b). This is particularly true for children since they are not frequently included in clinical trials. It is of great value to prevent and reduce DIKI in pediatrics through a post-marketing approach.
In most countries all over the world, national pharmacovigilance relies heavily on spontaneous reporting systems (SRS), in which suspected ADRs are reported to a national coordinating center by health professionals, manufacturers, or directly by patients. However, as a passive monitoring method, SRS has its inherent limitations, such as poor-quality reports, underreporting, and the inability to estimate rates and frequencies of ADRs (Pitts and Le Louet, 2018). Previous studies have demonstrated that 50%–90% of DIKI were unreported using SRS (Yang et al., 2015). Additional resources and methods are, therefore, needed to actively monitor the quantitative aspects of drug safety and to characterize ADRs associated with specific drugs and in specific populations. Recently, real-world data (RWD), especially data collected during routine clinical care in the form of electronic health records (EHRs), have been adopted by healthcare professionals, regulators, and providers to inform decision-making about drug safety. Several emerging pharmacovigilance programs extend the pharmacovigilance capabilities by monitoring drug safety signals actively using EHRs, such as the “Sentinel Initiative” in the United States (Toh et al., 2016), the “Exploring and Understanding Adverse Drug Reaction Project (EU-ADR)" in Europe (de Bie et al., 2015), and the “Adverse Drug Events Active Surveillance and Assessment System (ADE-ASAS)” in China (Chen et al., 2020). More attempts have also been made to develop data-mining methods based on EHRs, such as the “Global Trigger Tool (GTT)” (Garrett et al., 2013) and the “Comparison of the Laboratory Extreme Abnormality Ratio (CLEAR) algorithm” (Yoon et al., 2012). However, these methods are not applicable for the detection of DIKI signals because the confounding factors affecting DIKI are not fully considered. Moreover, most of these studies are conducted on adults, and so far, little is known about pediatric patients in relation to this issue.
Hence, the present study aims at developing a novel quantitative algorithm for DIKI signal detection using a hospital electronic medical record database and analyzing the correlation and characteristics of DIKI signals with the specific drugs in the pediatric population.
2 METHODS
2.1 Data sources
This study was conducted using the retrospective inpatient data warehouse of Beijing Children’s Hospital (BCH) from 1 January 2009 to 31 December 2020 (Yu et al., 2020). Approximately, 575,965 records of inpatients under 18 years old were included along with their detailed diagnoses, medications, and laboratory tests. Considering the immature kidney function in the neonates, only inpatients aged 28 days to 18 years old were included. All eligible patient data were exported and de-identified to protect their privacy.
The protocol of the study was approved by the Institutional Review Board (IRB) of BCH, Capital Medical University (approval number: 2018-129), with a waiver of informed consent. This work was reported critically according to the RECORD statement for pharmacoepidemiology (RECORD-PE) statement (Supplementary Table S1).
2.2 Laboratory criterion of DIKI
According to the published Kidney Disease: Improving Global Outcomes (KDIGO) (Ostermann et al., 2020), the serum creatinine (SCr) and the glomerular filtration rate (GFR) were the most important renal function parameters for determining DIKI. Because of the difficulty in measuring directly in clinical settings, the estimated GFR (eGFR) was usually used instead of the GFR and was calculated using the following formula, based on Scr and the normalization constant (Q) (Hoste et al., 2014):
[image: image]
(For children, Q is the median or the average Scr concentration for healthy children and depends linearly on age)
The fourth-degree polynomials for Q are as follows:
[image: image]
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After completing the calculation, the normal pediatric reference interval of the eGFR was as follows: 33–84(3–6 months), 57–122(6–12 months), 78–132(12–15 months), 84–150(15–24 months), and 83–143 (24 months–18 years old).
Thus, according to the KDIGO guidelines and the reference interval of pediatric kidney parameters (Zhu, 2015), the trigger for pediatric DIKI was defined as the following events that occurred after medication within the appropriate therapeutic dose range: (1):SCr>130 mmol/L; or (2) out of the reference interval of the eGFR for pediatrics.
2.3 Establishment of the two-stage signal detection model for DIKI
2.3.1 Stage 1: Screening suspected drugs
The main purpose of this step was to identify the suspected drugs that may cause DIKI to provide candidate drugs for the subsequent correlation analysis. The main steps were as follows (Figure 1):
1) The records with at least two SCr tests in the eligible participants were selected.
2) The records with the initial SCr or eGFR value within the reference range were further included. The report time of SCr tests was recorded as T1. This step aimed to ensure that kidney function was normal before medication.
3) The records with the diagnosis of kidney-related diseases were excluded (Supplementary Table S2). This step aimed to exclude the records where changes in laboratory parameters were primarily due to the progression of the kidney-related disease itself, rather than DIKI. The remaining records were marked as group 1.
4) The records with abnormal SCr or eGFR test findings, which were considered as DIKI events, were marked as group 2. The time of the first abnormal result was recorded as T2.
5) All drugs during T1-T2 were extracted, and duplicates were removed from groups 1 and 2. Thus, the number of DIKI events (a) and the total number of drug users (b) of each drug were obtained.
6) We calculated the ratio of a/b for each drug. The threshold of the a/b ratio was set according to the range of a/b values of solvents for intravenous infusions, such as normal saline and glucose injections, which can be regarded as the reference value since it is well known that they do not affect DIKI. The a/b values of solvents for intravenous infusions ranged from 0.081 to 0.095. In addition to that, for drugs with less than 2000 users, the number of DIKI events in the exposed group was too low. There may be a greater risk of bias in the subsequent statistical analysis due to insufficient samples. Thus, the criteria for suspected drugs were as follows: (1): ratio (a/b) > 0.10 and (2) b > 2000.
[image: Figure 1]FIGURE 1 | Workflow for identifying potential DIKI signals based on the retrospective cohort design. Abbreviations: DIKI: drug-induced kidney injury; EHRs: electronic health records. SCr: serum creatinine; eGFR: estimate glomerular filtration rate; OR: odds ratio.
2.3.2 Stage 2: Identifying potential DIKI signals based on the retrospective cohort design
This step aimed to compare the incidence of DIKI events between the exposed group (i.e., taking the suspected drugs) and the unexposed group (i.e., not taking the suspected drugs) whilst also adjusting for confounding factors through retrospective analysis. This was performed to explore the association between drugs and kidney damage. The following analysis was performed on all suspected drugs found in stage 1 (Figure 1):
2.3.2.1 Exposure group

1) All records containing suspected drugs were identified.
2) The records with at least one SCr test before and after medication were screened.
3) The records with an initial SCr or eGFR result that was within the normal range before the first medication were included.
4) The records with competing kidney diseases were excluded (Supplementary Table S2).
5) In cases where records showing abnormal SCr or eGFR findings during hospitalization, the records with kidney-protecting drugs before the first report time of the abnormal test were excluded (Supplementary Table S3); for records without SCr or eGFR abnormalities, those who have used kidney-protecting drugs during the entire hospitalization were excluded.
2.3.2.2 Unexposed group

1) All records without the suspected drug were identified.
2) The records with at least two SCr tests during hospitalization remained.
3) The records with an initial SCr or eGFR that was within the normal range after admission were included.
4) The records with competing kidney diseases were excluded (Supplementary Table S2).
5) In cases where records showing abnormal SCr or eGFR findings during hospitalization, the records with kidney-protecting drugs before the first report time of the abnormal test were excluded (Supplementary Table S3); for records without SCr or eGFR abnormalities, those who have used kidney-protecting drugs during the entire hospitalization were excluded.
2.3.3 Signal detection

1) Each exposed record was paired with four unexposed records randomly after adjusting age, gender, admission time, and major diagnosis.
2) The association between suspected drugs and kidney injury was analyzed by unconditional logistic regression. The odds ratio (OR) and 95% confidence interval (CI) were calculated.
3) An OR>1.0 (with the 95%CI lower band >1) indicated a positive signal; otherwise, a negative signal was considered.
2.4 Evaluation of the DIKI signals
A literature search and the summary of product characteristics (SPCs) were used as available knowledge to evaluate the novelty of the positive DIKI signals. Type I signals were defined as those signals that have not been previously documented in research in both children and adults. Type II signals were defined as those drug–DIKI associations that have not been reported in children, although they have been reported in adults. The SPCs were checked from the FDA website (https://www.fda.gov), Micromedex (https://www.ibm.com/watson-health/learn/micromedex), and the drug instructions (https://www.yaozh.com/). Literature research was conducted using PubMed (https://pubmed.ncbi.nlm.nih.gov), Embase (https://www.embase.com), Wanfang (http://www.wanfang.data.com.cn/index.html), and CNKI (http://www. cnki.net/).
2.5 Statistical analysis
MySQL software version 14.14 (Oracle, California, United States) was used as a database management system. The pandas v1.2.2 package in Python 3.7 was performed to summarize data. R 4.2.0 software was used for statistical analysis. The forest plot was visualized by GraphPad Prism 9.3 software.
The propensity score matching (PSM) was used to match the exposed group and unexposed group for the ratio of 1:4. As demographic variables, the distribution of age and gender needs to be comparable in exposed and unexposed groups. Laboratory testing equipment, methods, and capability may change over time in the hospital, which can affect the results of laboratory parameters such as Scr. The patients admitted at similar times in the two groups were, therefore, more comparable. In addition, as the patient’s underlying medical condition may affect the effectiveness of the drugs on renal function, cases with similar diagnoses in two groups need to be matched. Thus, four variables, namely, age, gender, admission time, and main diagnosis, were considered as confounding factors. The logistic regression model was used to calculate propensity scores, with drug exposure or not as dependent variables and four confounding factors as covariates. The nearest neighbor matching principle was used with a caliper of 0.1.
An unconditional logistic regression was used to analyze the association between suspected drugs and kidney injury. All p-values were reported as two-sided, and p < 0.05 represented statistical significance.
3 RESULTS
3.1 Nine suspected drugs were screened in stage 1
A total of 652 drugs were initially screened in stage 1. After combining drugs with the same ingredients and anatomical therapeutic chemical (ATC) classification, 346 drugs remained. After excluding external drugs and solvents for intravenous infusions (such as normal saline and glucose injection), 48 drugs were left (Supplementary Table S4). According to the inclusion criteria (a/b > 0.10 and b > 2000), a total of nine suspected drugs (diazepam, vitamin K1, cefamandole, omeprazole, ondansetron, ibuprofen, methotrexate, creatine phosphate sodium, and cytarabine) were finally identified. More information is shown in Table 1.
TABLE 1 | Suspected drugs related to DIKI in pediatrics in stage 1.
[image: Table 1]3.2 Six positive DIKI signals were identified in stage 2
The data extraction workflow of the nine suspected drugs is shown in Supplementary Table S5. The clinical information between the exposed group and the unexposed group is described in Supplementary Table S6. Retrospective cohort analysis showed that nine drugs met the inclusion criteria. Six drugs, namely, diazepam (p = 3.47 × 10–15, OR = 1.61, and 95% CI: 1.43–1.80), omeprazole (p = 4.46 × 10–5, OR = 1.35, and 95% CI: 1.17–1.54), ondansetron (p = 1.95 × 10–16, OR = 1.49, and 95% CI: 1.36–1.63), methotrexate (p = 1.17 × 10–13, OR = 1.36, and 95% CI: 1.25–1.47), creatine phosphate sodium (p = 2.94 × 10–3, OR = 1.13, and 95% CI: 1.05–1.22), and cytarabine (p = 1.76 × 10–3, OR = 1.17, and 95% CI: 1.06–1.28), were found to be associated with DIKI as positive signals. Although the three remaining drugs, namely, vitamin K1 (p = 0.54, OR = 1.06, and 95% CI: 0.89–1.27), cefamandole (p = 0.40, OR = 1.07, and 95% CI: 0.94–1.21), and ibuprofen (p = 0.77, OR = 1.01, and 95% CI: 0.94–1.09), tended toward a positive association with kidney injury, it did not reach statistical significance. The results of nine drugs and their associations with DIKI are shown in Table 2 and Figure 2.
TABLE 2 | Signal detection of drug-induced kidney injury using PS matching in stage 2.
[image: Table 2][image: Figure 2]FIGURE 2 | Forest plot for the association of suspected drugs with DIKI. Abbreviations: DIKI: drug-induced kidney injury; OR: odds ratio; CI: confidence interval.
3.3 Four new signals for DIKI in pediatrics were evaluated
According to the current available knowledge, the novelty of the six positive DIKI signals observed in stage 2 was further evaluated (Table 3). Of these, creatine phosphate sodium was found to be a type I signal as it had not previously been reported in either adults or children. Three other drugs, namely, diazepam, omeprazole, and ondansetron, were demonstrated to be type II signals in pediatrics. The other drug–DIKI associations have been confirmed in previous studies.
TABLE 3 | Evaluation of drug-induced kidney injury signals.
[image: Table 3]4 DISCUSSION
Medications are the relatively common cause of AKI, especially in pediatrics. DIKI is related to a drugs’ inherent toxicity and how the kidneys are able to handle it. It poses several challenges for clinicians mainly because of the difficulties in timely identification of drugs with potential nephrotoxicity (Starr et al., 2021). In this context, research on RWD is growing for its implication in the surveillance of drug safety. The EHR, as one of the routine RWDs, is a good data source for pharmacovigilance because of its detailed information on clinical events related to medications (Patadia et al., 2015). This study established and applied a two-stage method for detecting DIKI signals in children using an EHR database: first to identify potential suspected drugs and then to conduct a retrospective cohort to analyze the correlation between the specific suspected drugs and renal impairment. We initially discovered nine candidate drugs related to DIKI, and six positive signals for DIKI were identified in further analyses. To the best of our knowledge, one of the drug-DIKI associations (creatine phosphate sodium) has not been previously described in current literature evidence, either in adults or in children. Three other drug-DIKI associations (diazepam, omeprazole, and ondansetron) were not previously reported in children but have already been reported in adults. These drugs may become the critical target drugs for active surveillance and causality assessment in further research.
4.1 Potential new signals
The association of creatine phosphate sodium with DIKI was found to be a possible new signal in this study. Creatine phosphate sodium is one of the cardioprotective drugs and is widely used in the protection of abnormal myocardial metabolism during myocardial ischemia. A previous study showed that 14.40% cases (28/200) of children were treated with sodium creatine phosphate as prophylactic treatment without a diagnosis, suggesting that there was an overdosage of sodium creatine phosphate in pediatrics (Jin et al., 2022). Another study showed that high doses of creatine phosphate sodium injection may cause large amounts of phosphate intake, which may affect renal function through calcium and purine metabolism disorders, as well as unstable hormone secretion (Yan et al., 2011). Recently, the National Medical Products Administration (NMPA) in China has recommended that serum calcium, serum phosphorus, and renal function should be monitored during the use of creatine phosphate sodium in neonates and premature infants, which also provides a reference for children of other ages. Although creatine phosphate sodium has been on the market for many years, the mechanisms underlying the association between its use and the deterioration of kidney function are still unclear. In light of these findings, further studies should assess the mechanism of kidney injury induced by creatine phosphate sodium in children. For patients with DIKI, suspected drugs were discontinued immediately, followed by symptomatic treatment to preserve the kidney. At the same time, clinicians should also pay attention to regular renal function in children who need long-term and high-dose use of creatine phosphate sodium to better promote the rational use of this drug.
Three other drug-DIKI associations (diazepam, omeprazole, and ondansetron) were identified as potentially new signals in the pediatric population. Diazepam is a common sedative–hypnotic drug in clinical settings, and the ADRs described in SPC include drowsiness, fatigue, muscle weakness, urinary retention, or incontinence. A nationwide population-based retrospective cohort study showed that diazepam had a significant correlation with increased chronic kidney disease risk in the population aged >18 years old (adjusted hazard ratio (HR) = 1.627, 95 CI%:1.527–1.736) (Liao et al., 2020). One of the possible mechanisms is that propylene glycol is contained in parenteral formulations of diazepam, which may cause AKI and proximal tubule injury (Cawley, 2001). In addition, omeprazole is a proton pump inhibitor (PPI) that selectively inhibits the H + -K + -ATPase in the gastric parietal cell membrane. It is widely used in the treatment of peptic ulcers, reflux esophagitis, and Zollinger–Ehrlich syndrome in pediatrics (Kato et al., 2021). Serious ADRs such as acute interstitial nephritis (AIN) and renal failure have also been reported in adults (Nadri and Althaf, 2014). Simpson et al. (2006) reported that the incidence of AIN caused by omeprazole was 8/100,000 (95% Cl: 2.6/100,000 to 18.7/100,000) (Simpson et al., 2006). Other studies have shown that omeprazole can cause a high incidence of renal damage in the elderly (Klatte et al., 2017). The underlying mechanism was drug-induced immune damage, including acute and chronic interstitial nephritis and tubulointerstitial nephritis (Torlot and Whitehead, 2016). Furthermore, ondansetron is a preferred anti-emetic in critical care to treat nausea and vomiting. A recent pharmacoepidemiology study reported that ondansetron may be associated with an increased risk of AKI (Gray et al., 2022). Another work showed that ondansetron can enhance cisplatin-induced nephrotoxicity via inhibition of multiple toxins and extrusion proteins (Li et al., 2013). However, the associations between the aforementioned three drugs and renal impairment were mainly reported in adults. We should also remember that most of the drugs currently used in pediatric clinical practices were originally developed for adults, and for the majority of them, the mechanism of renal toxicity in children is still to be clarified. Our results may provide more clues and need to be validated in a larger pediatric population.
This study also found that both methotrexate (MTX) and cytarabine were associated with a degree of kidney injury, which was consistent with previous reports in the literature. They are both common antineoplastic agents and are widely used in acute lymphoblastic leukemia (ALL) and non-Hodgkin’s lymphoma in pediatrics. A retrospective analysis found that the first high-dose methotrexate (HDMTX) course (OR = 1.767) and methotrexate dose per body surface area (OR = 1.944) significantly correlated with AKI in 336 ALL children (Cheng et al., 2018). HDMTX-associated AKI with delayed MTX clearance has been linked to an excess in MTX-induced toxicities (Heuschkel et al., 2022). AKI develops due to the precipitation of MTX and its metabolites within the tubular lumens of the kidney (Perazella and Izzedine, 2015). Furthermore, MTX has been shown to induce the formation of oxygen radicals with subsequent cellular injury, associated with decreased adenosine deaminase activity (Pinheiro et al., 2010). In addition, a case report showed that low-dose cytarabine could induce hepatic and renal dysfunction in a patient with myelodysplastic syndrome, indicating that careful observation should be carried out in clinical practice (Tanaka et al., 1999). As an anti-tumor drug with weak cell specificity, cytarabine affects all actively growing cells by inhibiting the synthesis of DNA, including renal tubular epithelial cells, thereby causing nephrotoxicity (Pannu and Nadim, 2008). The aforementioned results support the reliability of our two-stage method in DIKI signal detection.
4.2 Strengths and limitations
The main strength of this study is its capability to retrospectively observe a large number of children and adolescents in a “real-world” setting by combining data from longitudinal EHRs. This two-stage designed approach has certain advantages in comparison with other methods based on abnormal values of laboratory tests (Yoon et al., 2012) or GTT. In the first stage, we roughly assessed the potential to select the suspected drugs, increasing the efficiency of subsequent analysis. Furthermore, more confounders, such as kidney disease and medications that may affect the level of laboratory indicators, were considered. In addition, the algorithm execution does not require manual review and can be developed into an automated program in the future, which is more suitable for the detection of ADEs based on large-scale databases. The final results suggest that our method can be used as a useful tool to detect DIKI signals for use by clinicians and regulatory agencies.
Despite the strengths of EHRs, they have inherent limitations, including incomplete case capture, selection bias, unmeasured confounding, and the inability to infer causality. Thus, some limitations to this study should be considered. First, only the records that met the criteria were included in the study. The associations between suspected drugs and DIKI remain unknown in those excluded records. Second, while our method has controlled four important variables, it does not adjust drug–drug interactions, drug–dose response, or disease severity covariates in the model. Third, the EHR data from a single-site system was used in this study. More efforts are needed to validate the feasibility of the approach and the DIKI signals in other EHR databases in the future. Lastly, it is important to realize that this method is a tool to assist with signal detection but does not ensure causality assessment of ADRs. All potentially new signals require further evaluation in hypothesis-testing studies to better account for bias and confounding.
In summary, this study shows that the RWDs, especially the EHRs, are potentially valuable resources for post-marketing drug safety surveillance. Our findings provide six candidate drug-DIKI associations using medical record databases. Future research is warranted to assess the causality of DIKI signals and formulate strategies for drug risk management in pediatrics. Nowadays, China has initiated the project “China ADR Sentinel Surveillance Alliance” (CASSA) with at least 300 medical facilities. Also of note, BCH was the first pediatric hospital in CASSA. More attention will be paid to integrating the method based on the CASSA platform to explore multi-center pharmacovigilance research.
5 CONCLUSION
DIKI is one of the most common problems in clinical practice, especially in hospitalized patients. In this work, we proposed a quantitative two-stage procedure to explore potential DIKI signals using RWD. Six positive signals of DIKI, including four new signals in children, were detected. Our findings highlight the potential of EHRs to complement traditional SRS for drug safety signal detection and strengthening in a pediatric setting. It is hoped that current efforts to identify DIKI signals will allow us to modify practice and reduce unnecessary harm in the future.
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Background: Drug-induced acute kidney injury (DIKI) is a common adverse drug reaction event but is less known in pediatric patients. The study explored the DIKI in Chinese pediatric patients using the Pediatric Intensive Care database (PIC).
Method: We screened pediatric patients with acute kidney injury (AKI) using the KDIGO criteria from the PIC and then assessed the relationship between their drugs and DIKI using the Naranjo scale. For the fifteen frequently used DIKI-suspected drugs, we divided patients into drug-exposed and non-exposed groups, using the outcome of whether DIKI was presented or not. Propensity score matching (PSM) was used to control for the effects of four confounders, age, gender, length of hospital stay, and major diagnosis. Unconditional logistic regression was used to identify statistically significant differences between the two groups.
Results: A total of 238 drugs were used 1,863 times by the 81 patients with DIKI during their hospital stay. After screening the Naranjo scale to identify the top 15 suspected DIKI drugs with a high frequency of use, we found that furosemide injection (p = 0.001), midazolam injection (p = 0.001), 20% albumin prepared from human plasma injection (p = 0.004), fentanyl citrate injection (p = 0.001), compound glycyrrhizin injection (p = 0.026), vancomycin hydrochloride for intravenous (p = 0.010), and milrinone lactate injection (p = 0.009) were associated with DIKI.
Conclusion: In critically ill pediatric patients, DIKI is more likely to occur after using furosemide injection, midazolam injection, 20% albumin prepared from human plasma injection, fentanyl citrate injection, compound glycyrrhizin injection, vancomycin hydrochloride for intravenous, milrinone lactate injection.
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INTRODUCTION
AKI is a common problem in hospitalized children, and its overall incidence can be as high as 33.7% (Xu et al., 2018; Feiten et al., 2019). It is also associated with higher mortality and sequelae and may lead to chronic kidney disease in adulthood (Kaddourah et al., 2017; Levey and James, 2017). As the use of drugs is unavoidable in pediatric patients in intensive care, the identification and attention to nephrotoxic drugs play a key role in reducing morbidity as well as mortality in this population (Slater et al., 2017; Joyce et al., 2019). There has been a great deal of research into drug-induced kidney injury in adult inpatients. It is shown that the use of drugs such as NSAIDs and diuretics is an independent risk factor for AKI in adult hospitalized patients (Yu C. et al., 2020). The use of iodine-based contrast media can also lead to acute kidney injury during hospitalization and eventually to persistent renal insufficiency or end-stage renal disease (Cheng et al., 2020; Weisbord et al., 2020). In addition, prolonged antibiotic therapy with vancomycin also greatly increases the risk of acute kidney injury (O'Callaghan et al., 2020). Immune-related adverse events caused by immune checkpoint inhibitors when used in cancer treatment can affect the kidneys, leading to acute kidney injury associated with immune checkpoint inhibitor therapy (Meraz-Muñoz et al., 2020). There is also a series of studies on drug-induced kidney injury in pediatric inpatients. It was found that increased exposure to nephrotoxic drugs was associated with the development of AKI in pediatric inpatients (Searns et al., 2020). The use of drugs such as NSAIDs and proton pump inhibitors, which are more common in hospitalized children, also increases the risk of acute kidney injury during hospitalization (Xu et al., 2018; Su et al., 2021). Antibacterial drugs such as vancomycin and aminoglycoside antibiotics can affect renal function through different mechanisms of action, leading to acute kidney injury in children (Downes et al., 2017; Downes et al., 2020). Medication needs to be used with even greater caution in the complex conditions of the intensive care unit. However, there is still a lack of systematic research on the relationship between medications in this setting and the development of acute kidney injury.
Here, we used the PIC database to study 13,449 patients at the Children’s Hospital of Zhejiang University School of Medicine from 2010 to 2019 (Zeng et al., 2020), mainly collecting information on serum creatinine values and medication use of patients. The purpose of this study was to analyze the type and distribution of drugs for DIKI in pediatric patients and explain the occurrence of AKI by the mechanism of medications, to provide medical advice for children.
METHODS
Study population
We conducted a retrospective case-control study, using the PIC database. The pediatric in-patients aged between 1 month and 18 years were included in the study (Ingelfinger et al., 2016; Xu et al., 2018). Patients with one of the following conditions were excluded: 1) age less than 1 month; 2) lacking records of prescriptions; 3) less than two serum creatinine tests; 4) baseline creatinine beyond the normal range; 5) an admitting diagnosis of acute renal failure (community-acquired AKI), chronic kidney disease, end-stage renal disease, renal transplantation, urinary tract infection, or pyelonephritis; 6) unexplained high serum creatinine values or low serum creatinine values (may be data entry errors). Physician-diagnosed AKI on admission or at discharge was determined according to the International Coding Definitions Version 10 (ICD-10).
Data collection
Demographic data were abstracted from the database, including age and sex from ADMISSION, the name, and dose of drugs from PRESCRIPTION, and serum creatinine values from LABEVENT. When the difference between the two serum creatinine values met one of the Kidney Disease Improving Global Outcomes (KDIGO, 2012), patients were judged to have AKI. We considered that the AKI occurred when the earliest test of serum creatinine defining AKI happened. As the frequency of serum creatinine testing varied between pediatric patients, we also calculated and recorded the time difference between their serum creatinine test at the time of AKI and the previous one. Drug usage was defined as all the drugs the patient used before AKI.
Identification of AKI
We used the KDIGO criteria to screen the patients with AKI in the PIC database, where AKI is defined as an increase in serum creatinine by 0.3 mg/dl within 48 h or a 50% increase in serum creatinine from the baseline within 7 days. Because no urine output was recorded in the database, we only used serum creatinine values to define AKI. The database only records patients’ data after admission, so we used the lowest serum creatinine level on the hospitalized days as the baseline serum creatinine level. Meanwhile, the baseline value was required to be within the normal range (Siew and Matheny, 2015).
Relevance evaluation between drugs and AKI
Combined with patients’ drug usage during hospitalization, the Naranjo scale was used to further judge DIKI patients and DIKI suspected drugs on the AKI patients screened from the PIC database (Naranjo et al., 1981). The relevance evaluation of the criteria was: affirmative: ≥9 points; very likely: 5-8 points; possible: 1–4 points; impossible: ≤0 points. All cases with a score greater than 1 were considered DIKI, and the drugs which had a score greater than 1were considered DIKI-suspected signals.
Validation of suspected drugs
After scoring the drugs using the Naranjo scale, we screened for suspected drugs associated with the occurrence of DIKI. Among these DIKI-suspected signals, the 15 most frequently used drugs were further analyzed. We divide patients from the PIC database into drug-exposed and non-exposed groups, with DIKI as an outcome. The inclusion and exclusion criteria for patients in both groups were consistent with the Identification of AKI section above. PSM was using for 15 drugs to adjust four confounders, including age, sex, length of stay, and major diagnosis, with two groups matched with a ratio of 1:1 by setting the caliper value (Yu Y. et al., 2020). After matching, unconditional logistic regression was performed on both groups to investigate the relationship between the suspected signals and DIKI. Chi-square test was used to compare mortality between the two groups.
Statistical analysis
Descriptive analysis was used to present the medication information of the patients. Categorical variables are expressed using frequency. PSM was performed using R4.1.1 software, the “MatchIt” package version 4.4.0. The unconditional logistic regression and chi-square test were performed for the exposed and unexposed groups using SPSS version 18.0 statistical software. p < 0.05 indicates that the difference is statistically significant.
RESULTS
Clinical characteristics of pediatric patients with DIKI
We screened 13,449 patients from the PIC database. A total of 178 patients met the age requirement and were rated as having developed AKI according to the KDIGO criteria. However, 79 patients with AKI were excluded from the study due to the absence of prescriptions. According to the Naranjo scale, 1 patient had a case score of 5 and was considered likely to have DIKI, and 80 patients had a case score of 1–4 and were considered likely to have DIKI, leaving 4 patients with a case score ≤0. After a careful review of the prescriptions for 85 patients with AKI, 81 patients considered to be potentially associated with DIKI were included in the study.
The clinical features of patients with DIKI are shown below (Table 1). 66.7% of the 81 patients included in the study with DIKI were male and 33.3% were female, giving a male to female ratio of 2:1. Overall, 45.7% of pediatric patients were aged 1 month to 1 year, 43.2% were aged 2–10 years, and 11.1% were aged 11–18 years. The top two major diseases were tumors (24.7%) and respiratory diseases (18.5%). Because of different status of the pediatric patients or incomplete database records, the frequency of serum creatinine testing was 42% (n = 34) of DIKI patients tested twice within 24h, 24.7% (n = 20) of patients tested once within 24h and 33.3% (n = 27) of patients tested once more than 48 h. There were 43.2% of DIKI patients in Stage 1, 24.7% in Stage 2, and 32.1% in Stage 3 according to the KDIGO criteria. Their median length of stay was 13 days (6, 22.5), and 48.1% of patients died during their stay. Before discharge or death, renal function was fully recovered in 17.3% of patients, partially recovered in 21.0% of patients, and not recovered in 61.7% of patients.
TABLE 1 | Demographic information and clinical characteristics of patients with drug-induced kidney injury.
[image: Table 1]For pediatric patients with different AKI Stage, their use of suspected DIKI drugs is largely similar (Supplementary Table S1). This is also shown in pediatric patients with different renal recovery (Supplementary Table S2).
Screening for suspected DIKI signals
A total of 238 drugs were used 1,863 times by 81 patients with DIKI during their hospital stay. We evaluated all drugs used before AKI using the Naranjo scale. Overall, The Naranjo score for 102 kinds of drugs was ≤0, for 134 kinds of was 1–4, for 2 kinds of drugs was 5. We considered that 136 kinds of drugs with Naranjo score greater than 1 were likely to be associated with the occurrence of AKI. About the 136 suspected DIKI drugs, 5.29% were systemic hormone preparations, 14.21% were anti-infectives, 5.15% were NSAIDs, 6.13% were respiratory system drugs, 1.11% were anti-tumor agents and immunomodulators, 16.57% were nervous system drugs, 8.77% were digestive and metabolism drugs, 11.14% were diuretics, 9.19% were cardiovascular system drugs, 18.38% were drugs related with the blood and blood-forming organs, and 4.04% belonged to other categories (Figure 1). After excluding drugs with Naranjo scores <0, the frequency of medication use in the 81 patients with DIKI was compiled (Supplementary Table S3).
[image: Figure 1]FIGURE 1 | Drug categories and high frequency of drug for Pediatric patients with DIKI. Abbreviation: DIKI, drug-induced kidney injury.
Validation of DIKI signals
These drugs were used in the top 15 of all drugs used in the 81 patients with DIKI, with furosemide injection being the most frequently used (Figure 2). There were 1,417 cases in which furosemide injection was used, along with 1,096 cases with midazolam injection, 1,273 cases with 20% albumin prepared from human plasma injection, 792 cases with fentanyl citrate injection, 1,134 cases with ibuprofen suspension, 1,704 cases with diazepam injection, 1,162 cases with methylprednisolone sodium succinate for injection, 738 cases with compound glycyrrhizin injection, 468 cases with vancomycin hydrochloride for intravenous, 1,222 cases with adrenaline hydrochloride injection, 506 cases with milrinone lactate injection, 803 cases with meropenem for injection, 688 cases with human immumoglobulin for intravenous injection, 804 cases with aminomethylbenzoic acid injection, and 1,015 cases with etamsylate injection (Supplementary Table S4). After conducting statistics on them separately using logistic regression, we found that 7 drugs were found to be associated with the development of DIKI. Vancomycin hydrochloride for intravenous (p = 0.010, OR = 14.40, 95%CI = 1.89–109.96) as a highly effective diuretic and nephrotoxin furosemide injection (p = 0.001, OR = 12.71, 95%CI = 3.00–53.75) were strongly associated with DIKI. The pediatric patients in ICU using them independently increased the odds of DIKI. In our result, it appeared the anaesthetics midazolam injection (p = 0.001, OR = 8.16, 95%CI = 2.45–27.17), fentanyl citrate injection (p = 0.001, OR = 7.87, 95%CI = 2.35–26.31) could also increase the risk of DIKI. In additions, milrinone lactate injection (p = 0.009, OR = 7.17, 95%CI = 1.62–31.72), 20% albumin prepared from human plasma injection (p = 0.004, OR = 4.25, 95%CI = 1.60–11.32), and compound glycyrrhizin injection (p = 0.026, OR = 3.55, 95%CI = 1.16–10.83) (Table 2). To explore the impact of drug use on patient mortality, we also compared the mortality rates of the two groups. We found that mortality rates were higher in the exposed group than in the unexposed group, except for milrinone lactate injection (Supplementary Table S5).
[image: Figure 2]FIGURE 2 | The suspected DIKI drugs. Abbreviation: DIKI, drug-induced kidney injury.
TABLE 2 | Exposure and non-exposure of suspected drugs and the risk of DIKI.
[image: Table 2]DISCUSSION
In the current study, we evaluated patients in the PIC database for AKI according to the KDIGO criteria. Then, using the Naranjo scale, we determined the correlation between patients’ AKI and the medications used during hospitalization, and further validated the above judgments using statistical analysis. Most of the drugs that led to DIKI in patients belonged to drugs related to the blood and blood-forming organs, nervous system drugs, and diuretics (Figure 1). Meanwhile, among the suspected drugs associated with AKI, furosemide injection, midazolam injection, and 20% human albumin injections were considered to be highly associated with the occurrence of DIKI. This result deepens our understanding of nephrotoxic drugs and provides inspiration to search for new signals of DIKI.
After further validation of 15 drugs, we found that 7 drugs were considered to be correlated with the occurrence of AKI. They were furosemide injection, midazolam injection, 20% albumin prepared from human plasma injection, fentanyl citrate injection, compound glycyrrhizin injection, vancomycin hydrochloride for intravenous, and milrinone lactate injection. As two drugs closely associated with AKI, vancomycin hydrochloride for intravenous and furosemide injection have been the subject of many relevant studies so far. Numerous studies have shown that critically ill patients who have used vancomycin are more likely to develop AKI and that vancomycin-associated nephrotoxicity is often associated with higher serum vancomycin levels (Hanrahan et al., 2015; Feiten et al., 2019). The mechanism by which vancomycin causes the onset of AKI remains poorly understood, but it is currently believed that the oxidative effects of vancomycin lead to renal tubular ischemia (Elyasi et al., 2012). Pathology reports showing acute tubular necrosis have also been reported in pediatric patients with vancomycin-induced AKI who underwent renal biopsy (Wu et al., 2007). Unlike vancomycin, furosemide injection is not a nephrotoxic drug. It can be used to treat oedema caused by diseases such as congestive heart failure and cirrhosis (Joannidis et al., 2019; Zhao et al., 2020). When renal perfusion is inadequate, furosemide can reduce the potential risk of tubular injury due to ischaemia by inhibiting the Nn-2Cr co-transporter (NKCC2), reducing ion channel activity and decreasing cellular oxygen consumption. However, prior fluid replacement is required to correct hypovolemia, otherwise the use of furosemide in hypovolemic patients is likely to promote the development of AKI (Shah et al., 2017; Joannidis et al., 2019). It has also been demonstrated that the use of furosemide in pediatric patients in intensive care units increases the risk of AKI in patients (Slater et al., 2017). In our results, the proportion of patients who used furosemide injection and developed a DIKI with a preliminary diagnosis of heart disease was particularly low. Thus, we ruled out this possibility of AKI occurring as a result of cardio-renal syndrome. From our results, it appears that the use of furosemide can increase the risk of AKI in pediatric patients. Before using furosemide in critically ill patients, it is important to note the status of patients. The 20% albumin prepared from human plasma injection can be used to treat shock due to blood loss or burns, elevated cranial pressure due to cerebral edema and injury, or edema or ascites due to cirrhosis and renal disease. We can draw inspiration from the hypothesis of renal failure described by Moran and Kapsner (Moran and Kapsner, 1987): Glomerular Filtration Rate (GFR) is related to the imbalance of renal perfusion pressure and oncotic forces at the membrane of the glomeruli; when the colloid osmotic pressure increases, glomerular filtration decreases or stops. It can be used to correct blood volume deficiencies and maintain plasma colloid osmotic pressure. A studies found that the use of hypertonic albumin injections may increase the risk of AKI in patients needing fluid resuscitation for shock (Schortgen et al., 2008). In addition, a study had also found that albumin administration is associated with an increased risk of AKI after cardiac surgery in a dose-dependent manner (Frenette et al., 2014). However, as can be seen from the distribution of our patients’ major diagnosis (Table 1), the proportion of DIKI patients with heart disease was not high (8.6%). We also used PSM in the exposed and non-exposed groups to avoid the effect of the primary diagnosis on the outcome. When using 20% Human Albumin Injection, excessive blood volume may result once the infusion dose and infusion rate are not adjusted to the patient’s circulatory status. Continued supplementation of human albumin in the presence of excess blood volume can exacerbate the patient’s risk of AKI. Therefore, when using this drug, it is important to focus on the patient’s circulatory status first to prevent the development of DIKI. Midazolam is a sedative drug, which is commonly used for endoscopic procedures, general anesthesia, and sedation of patients with tracheal intubation and mechanical ventilation. Fentanyl citrate injection, a drug commonly used in compound general anesthesia today, is frequently used for sedation and analgesia before, during, and after anesthesia. Midazolam and fentanyl are commonly used in pediatric intensive care units (PICUs). The UK Pediatric Intensive Care Society’s consensus have recommended the combination of midazolam and fentanyl in continuous infusion as the first choice for sedation/ analgesia in PICUs patients (Playfor et al., 2006). Fentanyl belongs to the synthetic class of opioid receptor agonists. Opioids can cause kidney damage by causing excessive sedation, hypoxia and decreased renal blood flow in pediatric patients (Schenk et al., 1995; Feng et al., 2015; Mallappallil et al., 2017). Midazolam Injection belongs to the benzodiazepine group of drugs and is also often used in combination with fentanyl injection in our results, which can make it more dangerous and more likely to lead to excessive sedation and cause AKI. Therefore, pediatric patients should be alert to the development of AKI when using midazolam injection and fentanyl citrate injection, especially when they are used in combination. Compound glycyrrhizin injection can be used to treat chronic liver disease, improve abnormal liver function, and treat eczema, dermatitis, and urticaria. Its main component is glycyrrhizin, which is extracted from Glycyrrhiza glabra (Deutch et al., 2019). There are no studies on the association of Compound glycyrrhizin injection with the development of AKI and it is not clear what causes it to occur. However, its structure is similar to that of aldosterone, which enables it to mimic the sodium-retaining and potassium-removing effects of aldosterone. It can also inhibit the activity of 11β-hydroxysteroid dehydrogenase, leading to the increased release of other aldosterone-like components and resulting in the development of hypokalemia. Once hypokalaemia occurs, it may lead to dysfunction of the sodium-potassium pump, extracellular calcium entry of extracellular calcium into cells, increased intracellular free calcium ion concentration, activation of intracellular proteases by calcium overload, causing necrosis of myocytes and muscle fibres, release of harmful components into the extracellular fluid and blood, and ultimately renal impairment. Meanwhile, milrinone lactate injection is primarily used for the short-term treatment of patients with acute decompensated heart failure. In pediatric patients, it can be used to prevent cardiac output syndrome after cardiac surgery. These patients are likely to be treated with Cardiopulmonary bypass (CPB) at the same time. It has been reported that there is a significant association between the perioperative use of milrinone and acute kidney risk or injury in pediatric patients who have received CPB (Chiravuri et al., 2011). However, CPB has also been shown to be a risk factor for the development of AKI in pediatric patients (Aydin et al., 2012; Pedersen, 2012). Thus, we cannot clarify the effect of milrinone lactate injection on the development of AKI in pediatric patients other than the effect of CPB, but the use of milrinone injection in pediatric patients receiving CPB may also increase the risk of AKI.
In our study, there are several shortcomings. First of all, due to the small sample of patients, it is hard to explore the factors influencing adverse drug reactions. It is an urgent need for larger population-based studies to validate and further investigate the drugs that we found to be associated with the occurrence of AKI. Secondly, as it was a retrospective study using a secondary database, the information recorded in the database on the patients will not exactly match the purpose of our study, and for these patients we need to exclude. Half of patients were excluded due to missing records of medication information or apparently incorrect records of data. Third, there are many factors that can contribute to the development of AKI in the PICU and medication is only one part of them. We learned that some factors such as hemodynamic status and cardiac surgery were risk factors for the development of AKI, but we were unable to include these important factors in our analysis because no such information was available in the database for the duration of the patient’s hospitalization.
Our study found that furosemide injection, midazolam injection, 20% albumin prepared from human plasma injection, fentanyl citrate injection, compound glycyrrhizin injection, vancomycin hydrochloride for intravenous and milrinone lactate injection were risk factors for the development of AKI in critically ill pediatric patients. These results suggest that, because of the many complex factors that may be encountered in critical care units, the administration of medications for these patients needs to be more rigorous and rational, according to their own conditions, to avoid adverse effects caused by these drugs, as much as possible.
CONCLUSION
In order to search for drugs associated with critically ill pediatric patients with DIKI, we assessed and validated the relationship between patients and suspected drugs, screening patients in the PIC database, finally we found some drugs related to DIKI. We hope to provide some reference for physicians and pharmacists when administering drugs to critically ill pediatric patients to reduce adverse reactions of drugs.
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Thiopurines, including thioguanine (TG), 6-mercaptopurine (6-MP), and azathioprine (AZA), are extensively used in clinical practice in children with acute lymphoblastic leukemia (ALL) and inflammatory bowel diseases. However, the common adverse effects caused by myelosuppression and hepatotoxicity limit their application. Metabolizing enzymes such as thiopurine S-methyltransferase (TPMT), nudix hydrolase 15 (NUDT15), inosine triphosphate pyrophosphohydrolase (ITPA), and drug transporters like multidrug resistance-associated protein 4 (MRP4) have been reported to mediate the metabolism and transportation of thiopurine drugs. Hence, the single nucleotide polymorphisms (SNPs) in those genes could theoretically affect the pharmacokinetics and pharmacological effects of these drugs, and might also become one of the determinants of clinical efficacy and adverse effects. Moreover, long-term clinical practices have confirmed that thiopurine-related adverse reactions are associated with the systemic concentrations of their active metabolites. In this review, we mainly summarized the pharmacogenetic studies of thiopurine drugs. We also evaluated the therapeutic drug monitoring (TDM) research studies and focused on those active metabolites, hoping to continuously improve monitoring strategies for thiopurine therapy to maximize therapeutic efficacy and minimize the adverse effects or toxicity. We proposed that tailoring thiopurine dosing based on MRP4, ITPA, NUDT15, and TMPT genotypes, defined as “MINT” panel sequencing strategy, might contribute toward improving the efficacy and safety of thiopurines. Moreover, the DNA-incorporated thioguanine nucleotide (DNA-TG) metabolite level was more suitable for red cell 6-thioguanine nucleotide (6-TGNs) monitoring, which can better predict the efficacy and safety of thiopurines. Integrating the panel “MINT” sequencing strategy with therapeutic “DNA-TG” monitoring would offer a new insight into the precision thiopurine therapy for pediatric acute lymphoblastic leukemia patients.
Keywords: thiopurines, myelosuppression, pharmacogenetics, “MINT” sequencing strategy, therapeutic “DNA-TG” monitoring
INTRODUCTION
Thioguanine (TG), 6-mercaptopurine (6-MP), and azathioprine (AZA), collectively known as thiopurines, are broadly applied as anti-cancer and immunosuppressive agents. 6-MP is one of the backbone drugs for the maintenance therapy of acute lymphoblastic leukemia (ALL) in children and adults (Schmiegelow et al., 2014). 6-MP and AZA are also commonly prescribed in maintaining the clinical remission of patients with steroid-dependent inflammatory bowel diseases (IBD) (Andoh et al., 2021). Thiopurines are pro-drugs devoid of any intrinsic activity and need metabolic transformation to their pharmacologically active metabolites, 6-thio-guanine nucleotides (6-TGNs), which are structurally similar to the endogenous purine-base guanine, are fraudulent bases being integrated into the DNA of leucocytes, leading to the inhibition of purine de novo synthesis and cell death (Karran and Attard, 2008). It is worth noting that, while thioguanine enters the DNA to play a therapeutic role, it also creates conditions for the occurrence of common and serious adverse reactions. Hepatotoxicity, pancreatitis, gastric intolerance, and leukopenia are common adverse drug reactions associated with thiopurines (Koren et al., 1990; Lee et al., 2022). In particular, life-threatening leukopenia, caused by thiopurines, might interrupt or even discontinue the effective treatment, resulting in a high risk of subsequent disease recurrence in ALL (Fotoohi et al., 2010). Hence, the narrow therapeutic index of thiopurines indicates an urgent demand for us to utilize precision medicine strategies to make better use of these drugs.
Polymorphisms of genes encoding various drug-metabolizing enzymes and transporters could exert an effect on the efficacy and toxicity of thiopurines. In fact, the first pharmacogenetic marker by means of a pharmacology-guided approach was recognized as single nucleotide polymorphisms (SNPs) in thiopurine S-methyltransferase (TPMT) (Weinshilboum and Sladek, 1980), and its predictive role in 6-MP-related adverse effects is regarded as an important development in this field. In recent years, other related enzymes including Nudix hydrolase 15 (NUDT15) (Yang et al., 2014), inosine triphosphate pyrophosphohydrolase (ITPA) (Barba et al., 2022), and multidrug resistance-associated protein (e.g., MRP4) (Wielinga et al., 2002) have been reported to dramatically affect the pharmacokinetics and pharmacological properties of thiopurines, thereby becoming critical determinants of their therapeutic efficacy and toxicity. However, the significant differences in the distribution and frequency of these SNPs among different ethnic groups pose certain challenges for a practical clinical application of genotype-based precision therapy.
Previously, monitoring the drug concentration of thioguanine nucleotides (TGNs) in red blood cells (RBCs) has played an important role in maximizing the clinical efficacy and reducing adverse effects of these drugs, and has also been helpful for individualized dose adjustment (Nygaard et al., 2004; Hedeland et al., 2010; Nielsen et al., 2016). Unfortunately, there is a broad agreement that too high or too low TGN concentrations should be avoided, but the exact definition of both upper and lower limits, even if such rigid threshold values should be generally used at all, is still debated in different studies. Furthermore, as RBCs are not the active target of thiopurines, some researchers proposed that the cytotoxicity of thiopurines was caused by the incorporation of thioguanine nucleotides into the DNA, called DNA-TG, the true culprit in the nucleus. The concentration of DNA-TG has been quantified by using liquid chromatography–mass spectrometry (Moriyama et al., 2017; Larsen et al., 2021a). Therefore, DNA-TG monitoring is much more helpful in evaluating an inadequate dose or non-adherence, or distinguishing patients with abnormal metabolic spectrums (Nielsen et al., 2017).
In this review, we summarize the pharmacogenetic studies related to those enzymes and transporters taking responsibility for the disposition of thiopurines, focusing on the association between SNPs and the clinical efficacy and side effects of thiopurines. We also review the current status of the TDM of thiopurines in children with ALL. Combining “MINT” panel sequencing with DNA-TG monitoring is a more feasible strategy when implementing thiopurine precision medicine for those pediatric patients.
METABOLISM AND MATERIAL ACTION BASIS OF THIOPURINES
As prodrugs that lack intrinsic activity or with low activity, thiopurines need to be transformed to 6-TGNs inside the cells through multi-enzymatic reactions and then exert pharmacological effects. The three major metabolic pathways of 6-MP are well described (Figure 1). Xanthine oxidase (XO) and thiopurine-S-methyltransferase (TPMT) are the two dominant enzymes in the metabolism of 6-MP, and produce inactive metabolites 6-thiouric acid and 6-methylmercaptopurine (6-MMP), respectively. However, the formation of 6-TGNs is a “long journey” involving multiple enzymes. 6-MP is first converted into thioIMP (6-TIMP) by hypoxanthine-guanine phosphoribosyltransferase (HGPRT), and finally, 6-TIMP metabolized to 6-TGNs, the active forms, which are successively mediated by hypoxanthine monophosphate dehydrogenase (IMPDH) and guanylate synthase (GMPS), respectively. Meanwhile, the multidrug resistance protein 4 (MRP4) can pump these active metabolites out of the cells. In this journey, TPMT can also metabolize intermediate 6-TIMP into methyl-thioIMP (6-MTIMP), an active metabolite that can suppress de novo purine synthesis, and has been reported to have an association with hepatotoxicity (Adam de Beaumais et al., 2011). 6-TIMP also can be catalyzed into 6-thioinosine diphosphate (6-TIDP) by monophosphate kinase (MPK), and into 6-thioinosine triphosphate (6-TITP) by diphosphate kinase (DPK), and finally back to 6-TIMP by ITPA forming a complete cycle.
[image: Figure 1]FIGURE 1 | Thiopurine metabolism and transportation. 6-Thioguanine nucleotides (6-TGNs) are pharmacologic active products. 6-TGMP 6-thioguanine monophosphate, 6-TGDP 6-thioguanine diphosphate, 6-TGTP 6-thioguanine triphosphate, 6-TdGMP 6-thio-deoxyguanine monophosphate, 6-TdGDP 6-thio-deoxyguanine diphosphate, 6-TdGTP 6-thio-deoxyguanine triphosphate. Abbreviations: AZA azathioprine, 6-MP 6-mercaptopurine, 6-MMP 6-methylmercaptopurine, 6-TUA 6-thiouric acid, 6-TIMP 6-thioinosine monophosphate, 6-MMPN 6-methylmercaptopurine nucleotides, 6-MTIMP 6-methylthioinosine 5′-monophosphate, 6-MTIDP 6-methylthioinosine 5’ -diphosphate, 6-MTITP 6-methylthioinosine 5′-triphosphate, 6-TIDP 6-thioinosine diphosphate, 6-TITP 6-thioinosine triphosphate, 6-TXMP 6-thioxanthosine monophosphate. Enzymes or transporters are shown in gray boxes: TPMT thiopurine S-methyl transferase, XO xanthine oxidase, HPRT hypoxanthine phosphoribosyl transferase, MPK monophosphate kinase, DPK diphosphate kinase, ITPA inosine triphosphate pyrophosphohydrolase, IMPDH inosine monophosphate dehydrogenase, GMPS guanosine monophosphate synthetase, and MRP4 multidrug resistance-associated protein 4.
6-TGNs are active metabolites, consisting of 6-thioguanine monophosphate (6-TGMP), 6-thio-deoxyguanine monophosphate (6-TdGMP), 6-thioguanine diphosphate (6-TGDP), 6-thio-deoxyguanine diphosphate (6-TdGDP), 6-thioguanine triphosphate (6-TGTP), and 6-thio-deoxyguanine triphosphate (6-TdGTP). The aforementioned 6 metabolites are catalyzed by MPK, DPK, and NUDT15, respectively, to form another metabolic cycle. On one hand, 6-TdGTPs are integrated into DNA (6-TdGTP) and RNA (6-TGTP), leading to nucleotide suppression and protein synthesis and cause cell apoptosis (Paugh et al., 2010). On the other hand, 6-TGTPs have been reported to block the activity of Vav on RAC proteins and thus to prevent the development of an effective immune response in T cells (Poppe et al., 2006). It is generally accepted that the adverse reactions of thiopurines are closely associated with those active metabolites, especially high levels of 6-TGNs resulting in dose-dependent side effects typified by leukopenia (Relling et al., 1999). Therefore, the genetic variation of key enzymes in metabolic transformations (such as TPMT, ITPA, and NUDT15) would have an important impact on the pharmacokinetics, pharmacodynamics, and side effects of thiopurines.
PHARMACOGENETICS OF THIOPURINES
Thiopurine S-methyltransferase
As one of the most critical enzymes in the biotransformation of thiopurines, TPMT is the earliest and most comprehensive pharmacogenetic predictor used in clinical practice. Loss of the TPMT function leads to excessive levels of 6-TGNs, which greatly increase the risk of leukopenia. In 1980, Weinshiboum and Sladek first reported the significant individual variations of erythrocyte TPMT activity in Caucasians, with 88.6% of high, 11.1% of intermediate, and 0.3% of undetectable activities, respectively (Weinshilboum and Sladek, 1980). Since then, this classification method has been widely used. Moreover, SNPs resulting in loss of function of the TPMT have also been identified (Ansari et al., 2002). More than 40 allelic variants (*2–*44) in the TPMT gene have been discovered (Iu et al., 2017; Zimdahl Kahlin et al., 2019), but the loss-of-function variants mainly include TPMT*2, TPMT*3A, TPMT*3B, and TPMT*3C (Azimi et al., 2014). Therefore, the TPMT phenotype is usually determined by the aforementioned mutant variants. Especially, TPMT genotypes *3A and *3C had the strongest associations with toxicity (Rudin et al., 2017). In 2011, the Clinical Pharmacogenetics Implementation Consortium (CPIC) guidelines for TPMT genotype and thiopurine dosing (Relling et al., 2011) recommend pre-emptive genotyping for TPMT before the initiation of thiopurine treatment, and that patients with heterozygous *1 allele and with *2/*3A/*3C/*4 alleles (intermediate metabolizers) should start at 30–70% of the full dose (6-MP 50 mg/m2/day or 0.75 mg/kg/day). However, for poor metabolizers, the thiopurine dose should be purposefully started with 10% of the full dose, and administered weekly thrice instead of daily. This approach has been proven to decrease the incidence of acute toxicity while having no negative effect on the relapse rates in ALL (Relling et al., 2006).
Despite the success of TPMT pharmacogenetic testing, the most important issue is that the prevalence of loss-of-function TPMT alleles varies across ethnic groups (Table 1, https://www.pharmgkb.org). In Europeans and African Americans, the common alleles that cause TPMT deficiency are TPMT*2, *3A, *3B, and *3C, while in Asians, *3C is the most common mutant allele. A recent extensive whole-genome re-sequencing study in 3,554 Japanese showed that alleles *3A and *3B were absent (not observed), and only allele *3C was confirmed to be present (0.96%) (Nagasaki et al., 2015; Yamaguchi-Kabata et al., 2015). Furthermore, in a study including 253 Chinese patients, none of the three alleles *2, *3A, and *3B were observed, and the allelic frequency of *3C was 1.6% (Zhu et al., 2016). In this study, leukopenia occurred in 25.7% of patients, and no strong association was observed between the disease and *3C genotypes. Clearly, the low-mutation frequency (<2%) of variants in the TPMT gene did not explain the high frequency of adverse reactions (>20%) occurring in East Asian populations, suggesting that pre-emptive TPMT genotyping in Asians might not be the same as that in Caucasians. On the other hand, there are a plethora of genetic variants (*1∼*44) of TPMT as mentioned previously, and it is hard to determine a patient’s exact genotype solely based on one commercial kit which usually cannot provide all target variations. Moreover, other genetic variants may contribute to inter-patient variability. Hopefully, those problems would be readily solved as testing costs are reduced and pharmacogenetic implementations become very popular.
TABLE 1 | Frequencies of the TPMT and NUDT15 alleles/phenotypes in major race/ethnic groups.
[image: Table 1]Another concern is that results from a pharmacogenetic test are incapable of covering the other co-factors contributing to the TPMT phenotype such as age, renal insufficiency, or drug–drug interactions (Wu et al., 2019). From this perspective, measuring TPMT activity is a more accurate strategy for predicting the appropriate dose of thiopurines than genotyping test. Actually, TPMT phenotype testing is fairly common in some countries (Fargher et al., 2007; Weitzel et al., 2018). However, it is worth noting that TPMT enzyme activity is usually measured in fresh red blood cells directly (Mokhtari et al., 2020), or consumes a longer turnaround test time (Weitzel et al., 2018). Moreover, in patients who have received blood transfusions recently or in leukemia patients, because of atypical hematopoiesis, the result could not reflect the true enzymatic activity (Mokhtari et al., 2020).
Interestingly, genotype–phenotype discordance was reported at a rate of 5% in patients who underwent both tests (Weitzel et al., 2018). In patients with a discordant situation, the use of genotypes to guide thiopurine dosing is consistent with a previous study that states that optimum accuracy of the TPMT genotype test was achieved as compared with the enzyme activity assay (Donnan et al., 2011).
Nucleoside diphosphate-linked moiety X-type motif 15
In 2014, Yang and others first reported that NUDT15 (rs116855232, referred to as c.415C > T or p.R139C variant hereafter) was highly associated with thiopurine-induced leukopenia among Korean patients who suffered from IBD (Yang et al., 2014). Subsequently, loss-of-function NUDT15 diplotypes were found to be consistently related to the intolerance of thiopurine during ALL therapy (Yang et al., 2015; Moriyama et al., 2016). Based on these studies, CPIC in 2018 updated its guidelines for the dosage adjustment of 6-MP, suggesting that ALL patients should be guided by TPMT and NUDT15 genotyping for the initial dose selection of 6-MP (Relling et al., 2019).
NUDT15 is a purine-specific nudix hydrolase that controls the hydrolysis of nucleosides–diphosphates (Gad et al., 2014). This enzyme catalyzes the conversion of TGTP and deoxy-TGTP (TdGTP) metabolites to the low-toxic TGMP and deoxy-TGMP (TdGMP), respectively (Valerie et al., 2016). Defective NUDT15-mediated degradation of TdGTP results in more available TdGTP which can be used for the integration into the DNA (namely DNA-TG, the primary anti-leukemic metabolite). Simultaneously, NUDT15 deficiency also results in more TGTP, which promotes the binding of TGTP to Rac1 and also promotes the transportation of TGTP into the RNA. Therefore, it is hypothesized that NUDT15 negatively regulates thiopurine activation and its cytotoxicity (Moriyama et al., 2016). Although 6-MP-induced leukopenia is known to be related to increased 6-TGNs levels, no significant difference was found between the 6-TGN levels and NUDT15 variants (Asada et al., 2016). Interestingly, results obtained from a series of model systems in a Moriyama laboratory and ALL patients jointly indicated that NUDT15 deficiency directly led to the excessive DNA-TG levels and increased adverse effects (Moriyama et al., 2016). Therefore, the DNA-TG metabolite levels are preferred over 6-TGNs in forming NUDT15 genotype-guided dose adjustments (Moriyama et al., 2017).
As the first NUDT15 SNP linked to thiopurine toxicity, p.R139C was the most studied in patients receiving thiopurine therapy, and the results showed that NUDT15 p.R139C mutation had no influence on the enzymatic activity. Instead, it negatively affected the protein stability (Valerie et al., 2016). In children diagnosed with ALL, the tolerability of homozygotes for the p.R139C variant allele was only 8% of the standard dose of 6-MP, while the tolerable dosages were 63 and 83.5% of the standard doses of 6-MP, respectively, in those patients with heterozygous and wild-type genotypes (Yang et al., 2015). To date, a total of 20 haplotypes with star allele names of NUDT15 (*1-*20) have been identified (Moriyama et al., 2016; Moriyama et al., 2017; Schaeffeler et al., 2019) (https://www.pharmvar.org/gene/NUDT15). It was found that in Chinese IBD patients, the predictive sensitivity of NUDT15 p.R139C was 49.2 %. But, the combined analysis of Val18Ile and p.Val18_Val19insGlyVal, designed to identify diplotypes by detecting haplotypes *5 and *6, successfully increased the sensitivity to 55.4 % (Chao et al., 2017). However, compared with p.R139C, other variants are rare, and their correlations with thiopurine-induced toxicity in clinical practice remain unclear. As shown in Table 1, the frequency of the decreased function NUDT15 variants is higher in Asians and Hispanics, but lower in Europeans and Africans. Interestingly, the frequency is just reverse for TPMT variants. Therefore, as the CPIC guideline recommended, if genetic tests are available for only one gene (TPMT or NUDT15, but not both), the matched decision-making will be implemented by clinical labs. More importantly, the potential association of rare mutations with efficacy and adverse reactions of thiopurines remains to be confirmed by large cohort studies.
Inosine triphosphate pyrophosphohydrolase
ITPA can catalyze the phosphorylation of inosine triphosphate (ITP) and convert the latter to inosine monophosphate (IMP), which is a key substance in the purine metabolism. In the metabolism of 6-MP, ITPA is the catalyst that helps to complete the hydrolysis process from 6-TITP to 6-TIMP, and the ITPA deficiency leads to an abnormal accumulation of 6-TITP, which results in toxicity (Marinaki et al., 2004). There are 11 ITPA variants that have been reported (Sakamoto et al., 2020), and the two most common SNPs are 94C > A as well as IVS2 + 21A > C. Several studies have examined the role of these two variants in the ITPA gene with 6-MP metabolism, as well as adverse drug reactions including hepatotoxicity, flu-like symptoms, arthralgia, and pancreatitis (Arenas et al., 2007; Zabala-Fernandez et al., 2011; Wroblova et al., 2012) with promising results. However, consistent with TPMT polymorphism, the frequency of the ITPA (94C > A) A allele differed significantly by ethnicity and was higher in Asians (11–19%) than in Caucasian, Hispanics, and Africans (1–7%) (Okada et al., 2009). Interestingly, the reverse situation would appear for the frequency of the ITPA 94C > A allele and TPMT polymorphisms in the same populations (Marsh and Van Booven, 2009).
Naturally, research studies on the relationship between the ITPA gene polymorphism and the adverse reactions of thiopurines are inconsistent partly due to the ethnic differences in allele frequencies (Table 2). For instance, Uchiyama found that the ITPA 94C > A mutation occurred more frequently than TPMT variants in Japanese patients diagnosed with thiopurine-induced leukopenia (Uchiyama et al., 2009). Also, ALL patients with allele ITPA 94A were more likely to suffer from fever and hepatotoxicity from 6-MP, while the prevalence of TPMT variants was too low to be well applied in Malays, Chinese, and Indian populations (Wan Rosalina et al., 2012). Therefore, Asians may be more sensitive to the toxicity of AZA/6-MP based on the ITPA mutation than TPMT. However, a lack of association between the ITPA 94C > A polymorphism and AZA-related adverse effects was found in a New Zealander (Gearry et al., 2004). In addition, ITPA genotyping has no predictive significance for the clarity and development of the AZA side effects (van Dieren et al., 2005). In the Netherlands, the mean doses of 6-MP did not differ in ALL patients with or without ITPA variants (Kouwenberg et al., 2020). Another study came to a similar conclusion (Wahlund et al., 2020). The aforementioned results suggested that, before the beginning of maintenance treatment for ALL in these populations, the ITPA genotype should not to be regarded as a part of the accepted assessment.
TABLE 2 | Frequencies of the ITPA and MRP4 variants in major race/ethnic groups.
[image: Table 2]Stocco and others analyzed a group of St. Jude patients with ALL whose 6-MP doses were not adjusted based on their TPMT genotype or TGN concentrations. Notably, the probability of grade 3–4 infections was not significantly related to the ITPA genotype in the aforementioned conditions. But if the doses were tailored for TPMT and ITPA, then they had a great effect on the likelihood of febrile neutropenia (Stocco et al., 2010). According to the authors, most studies suggested that the dose of 6-MP taken by patients was not fully adjusted for the TPMT genotype. Their results revealed that it might be the cause of why the influence of the ITPA genotype had been inconsistent in previous studies. Some researchers tend to suggest that physicians should first ponder over the genotyping for ITPA variants, together with TPMT and NUDT15, before deciding to treat a patient with 6-MP (Moradveisi et al., 2019). Of note, the association between ITPA 94 C > A and neutropenia in children with ALL was verified in recent systematic reviews and meta-analysis (Barba et al., 2022; Lee et al., 2022). A total of 1,072 and 974 ALL pediatric patients were included in the meta-analysis, respectively. Specifically, pediatric ALL patients with an ITPA 94 C > A variant had an approximately 2.5 times higher risk of suffering from neutropenia (Barba et al., 2022; Lee et al., 2022). Moreover, due to the existing ethnic differences in the ITPA 94 C > A mutation frequency, both the studies had stratified their data analysis based on the races. For neutropenia, the results did not show any different outcome between Asians and Caucasians (Barba et al., 2022), while for hepatotoxicity, the 94C > A variant was significantly associated with an increased risk in Asians and Middle Easterners (Lee et al., 2022).Moreover, IBD patients with ITPA variant alleles exhibited higher 6-TGN levels than those with the wild-type allele (Luo et al., 2022). These findings support that ITPA polymorphisms could be used as predictive biomarkers for thiopurine-related adverse effects. Nevertheless, considering the variable frequency across different ethnicities, the clinical implementation of ITPA gene tests for precision thiopurine treatment also warrants further studies.
Multi-drug resistance protein 4
MRP4 is a member of the ATP-binding cassette transporter family, encoded by the ABCC4 gene, responsible for transporting monophosphorylated nucleosides (Wielinga et al., 2002). Murine models with MRP4 deficiency confirmed that MRP4 protects against thiopurine-induced hematopoietic toxicity by reducing the accumulation of intracellular TGNs (Takenaka et al., 2007; Krishnamurthy et al., 2008). In clinics, Hiromistu Ban and others were the first to demonstrate an association of MRP4 G2269A (rs3765534) polymorphisms with thiopurine sensitivity (Ban et al., 2010). The authors found that patients with the MRP4 variant had higher 6-TGN levels in erythrocytes and a higher risk of leukopenia, compared with patients with the wild-type alleles. In addition, another study highlighted the significance of MRP4 polymorphisms related to 6-MP dose tolerance in ALL maintenance therapy (Tanaka et al., 2015). Moreover, ALL patients with intermediate active NUDT15 and ABCC4 variants experienced higher 6-MP intolerability, compared with the group with either of the variants (Tanaka et al., 2018). In a very recent study, the co-occurrence of the ABCC4 (c.912G > T, rs2274407) and ITPA (c.94C > A) variants in 145 Chinese children with ALL witnessed a significant positive association with 6-MP intolerance (Fan et al., 2022). Meanwhile, ABCC4 c.2128G > A (rs3765534) carriers experienced a significant increase in the DNA-TG to 6-MP dose ratio, which was associated with a high risk of leukopenia (Fan et al., 2022). Similarly, ABCC4 SNP rs2274407 was found to be related to the increased 6-TGN to 6-MP dose ratio (Choi et al., 2019). In addition, a study in Thai ALL pediatric patients found that the average absolute neutrophil count (ANC) at the 6th month of the maintenance phase was significantly lower in ABCC4 SNP rs3765534 carriers, compared to patients carrying wild-type alleles, and the risk of grade 4 neutropenia was higher in ABCC4 GA carriers than wild-type patients, but was not statistically significant (Khaeso et al., 2022). Of note, the allele frequency of variants in ABCC4 showed ethnic difference (Table 2), and more evidence needs to be accumulated to establish the potential association between ABCC4 variants and 6-MP-induced adverse effects in the future.
Other genetic polymorphisms
In 2012, Stocco’s team first reported that PACSIN2 (protein kinase C and casein kinase II interacting protein-2 or Syndapin 2) was the most fundamental trans-acting gene. PACSIN2 has also been shown to be a genetic variant which could affect TPMT activity (Stocco et al., 2012). Moreover, a SNP of PACSIN2 (rs2413739) was closely associated with severe gastrointestinal toxicity in children with ALL treated with 6-MP. Recently, another study confirmed these results (Franca et al., 2020). Furthermore, PACSIN2 polymorphism was shown to be linked with thiopurine-induced hematological toxicity in children receiving maintenance therapy aimed at treating ALL (Smid et al., 2016). As an earlier study had identified, PACSIN2 was a Rac1 interactor that regulated the diffusion of Rac1-mediated cells (de Kreuk et al., 2011). Therefore, the interaction of PACSIN2 with Rac1 might increase the likelihood of hematotoxicity, resulting in increased sensitivity of cells to 6-MP, thereby exposing patients to a higher risk of hematotoxicity.
Cytosolic 5′-nucleotidase II (NT5C2) is an allosteric catabolic enzyme that hydrolyzes IMP, GMP, and AMP. The thiopurine nucleotides thio-GMP, thio-IMP, and methylthioIMP are all converted by NT5C2 (Brouwer et al., 2005). Increased in vitro nucleotidase activity has been identified in NT5C2 mutant proteins. Also, when expressed in ALL lymphoblasts, these proteins were resistant to the chemotherapy with 6-MP/6-TG (Tzoneva et al., 2013). Tulstrup and others found that the thiopurine metabolism can be altered by NT5C2-germline variants associated with acquired recurrent NT5C2 mutations in childhood acute lymphoblastic leukemia (Tulstrup et al., 2018). Moreover, sub-clonal NT5C2 mutations determine relapses related to the high risks in treatment failure in patients, while emphasizing their complicated role in the outcome over mutant NT5C2, which acts as a targetable driver during relapse progression. Therefore, a thorough, rigorous, and retrospective study is warranted so that we could identify NT5C2 mutations, further deepening our understanding and better treating the relapse subtype of aggressive ALL (Barz et al., 2020).
Recently, folate metabolic variants including thymidylate synthetase (TYMS) and dihydrofolate reductase (DHFR) were shown to be potential biomarkers of 6-MP-induced myelotoxicity, which could be employed for the individualization of 6-MP therapy when childhood ALL treatment reaches its maintenance phase (Milosevic et al., 2019). In Chinese pediatric patients, the MTHFR rs1801133 variant was found to have a 4.46-fold higher risk of hepatotoxicity than the wild-type genotype (Zhou et al., 2020). In this study, the authors also found that IMPDH1 (rs2278293) was associated with a high risk of leukopenia (Zhou et al., 2020), which is consistent with Rihwa Choi’s earlier study in Korean ALL patients (Choi et al., 2019). Moreover, Rihwa Choi and others analyzed 103 SNPs and found that, in addition to the TPMT genotype, thiopurine metabolism and any adverse effects were linked with a total of 32 SNPs in 24 genes (Choi et al., 2019). A series of genetic polymorphisms such as ADK, ATIC, GART, GMPS, GSTP1, SLC29A1, KCNMA1, SLC19A1, MOCOS, MTRR, SLC28A3, SLCO1B1, and XDH have been linked with thiopurine-related adverse effects that have not been previously assessed.
Generally, the association between genotype and phenotype in pharmacogenetic studies is complex. As shown in Supplementary Table S1, we summarize the effects of TMPT, NUDT15, ITPA, and MRP4 polymorphisms on the clinical outcomes of thiopurines in ALL pediatric patients. We propose that the ongoing research will surely manifest the value of pharmacogenetics in predicting the optimal dose and reducing adverse events, thereby contributing to better treatment for ALL patients.
THERAPEUTIC DRUG MONITORING OF THIOPURINES
The pharmacodynamics and pharmacogenetics of thiopurines have evolved considerably over the past 30 years. In addition to genotype–phenotype related research studies, long-term clinical practice has confirmed that thiopurine-associated adverse events and ALL relapses are related to metabolite levels, including 6-TGNs, 6-methylmercaptopurine nucleotides (6-MMPN), or the ratio of 6-MMPN/6-TGNs, and DNA-TG levels (Table 3). Therefore, integrating TDM of these active metabolites with pharmacogenetics may facilitate the development of a more personalized dosing method than the traditional weight-based one.
TABLE 3 | Main efficacy, safety results, and TDM of thiopurines in ALL pediatric patients.
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In ALL patients, the 6-TGN concentrations in RBCs have been recognized to correlate with neutropenia and tolerable 6-MP doses in the 1980s (Lennard et al., 1983; Lilleyman et al., 1984; Lennard and Lilleyman, 1989), whereas the well-established reference range of 6-TGN therapeutic levels has not yet been agreed (Schmiegelow and Bruunshuus, 1990; Lancaster et al., 1998; Innocenti et al., 2000; Stoneham et al., 2003; Halonen et al., 2006; Lennard et al., 2006). A study by Chrzanowska et al. showed the 6-TGN concentrations that ranged from <60 to 833 pmol/8 × 108 RBC in patients receiving 6-MP dosed at 50 mg/m2/day (Chrzanowska et al., 1999). In the study by Bhatia et al., patients received a higher dose of 6-MP, 75 mg/m2/day and the 6-TGN levels remained 0.3–714.1 pmol/8 × 108 RBC (Bhatia et al., 2015). Nevertheless, the levels obtained in the study by Rosdiana et al. were 6–234.04 pmol/8 × 108 RBC with a 6-MP dose of 50 mg/m2/day (Rosdiana et al., 2021). Interestingly, Zhou Y and others proposed the existence of a target threshold of 197.50 pmol/8 × 108 RBCs to predict the risk of leukopenia in Chinese pediatric patients tormented by ALL (Zhou et al., 2020). Notably, not all studies found a correlation between metabolite concentrations and adverse effects (Halonen et al., 2006), which may due to the different therapy regimens (Lancaster et al., 1998; Lennard et al., 2006). More importantly, 6-TGN concentrations were associated with relapsed risk (Lennard et al., 1990; Wojtuszkiewicz et al., 2014). Therefore, there is an urgent to conduct a multicenter study involving more patients to find a suitable target range of therapeutic targets.
Ratio of 6-MMPN/6-TGN is associated with the efficacy and tolerance of thiopurines
As previously described, a clear correlation between 6-MMPN concentrations and the development of hepatotoxicity was found in ALL patients treated with 6-MP (Nygaard et al., 2004; Adam de Beaumais et al., 2011). The findings of Nygaard et al. (Nygaard et al., 2004) indicated that the 6-MMPN contents were the most important pharmacological determinants of elevated aminotransferase levels during the 6-MP maintenance therapy in childhood ALL. A later study of Beaumais et al. showed that the threshold concentration of 6-MMPN, 4,884 pmol/8 × 108 RBC could predict the risk of hepatotoxicity with a positive predictive value of 95.7% (Adam de Beaumais et al., 2011). As well known, patients carrying TPMT mutations had higher TGN levels than their wild-type counterparts, but this genetic variation only interprets the intolerance in 30–60% patients who received full doses of 6-MP or AZA (Relling et al., 2011). Some heterozygotes might be sufficiently thiopurine-tolerant because they have lower 6-MMPN concentrations than those with homozygous wild-type carriers (and thus fewer toxic effects), and therefore tolerated higher 6-TGNs. For example, in Dervieux’s study, wild-type patients experienced higher 6-MMPN concentrations (median: 6,137 pmol/8 × 108 cells) than those carrying TPMT mutations (median: 307 pmol/8 × 108 cells) (Dervieux et al., 2001). In this study, the 6-MMPN concentrations in RBCs were determined in the last patients enrolled in the trail, with a median concentration of 5,749 pmol/8 × 108 cells (range 20–19682). The authors confirmed that higher 6-MP dosage and infectious events were associated with higher 6-MMPN concentrations. More recently, studies have shown a link between the ratio of 6-MMPN/6-TGN and the incidence of grade 3–4 neutropenia (Rosdiana et al., 2021). The researchers therefore proposed that the balance between RBC 6-MMPN and 6-TGN levels was important for predicting efficacy and improving the tolerance of thiopurines. Unfortunately, the therapeutic ratio of 6-MMPN/6-TGN is also unclear up to now.
DNA-incorporated thioguanine nucleotides and relapse-free survival during ALL maintenance therapy
Pharmacologically, leukocyte DNA-TG, a cytotoxic agent and the end-point metabolite of 6-MP (Karran and Attard, 2008), appears to be more appropriately and accurately reflecting therapy intensity in the nucleated target cells in ALL, and it has recently been associated with 6-TGNs and 6-MMPN in RBCs (Hedeland et al., 2010; Ebbesen et al., 2013; Vang et al., 2015). Moreover, using an on-therapy blood count model, Nielsen and others attempted to estimate the degree of myelosuppression using the DNA-TG levels, a parameter available on-therapy that could be indicative of the treatment intensity. However, the results were contradictory. On-therapy ANC decreased with increasing DNA-TGN level (p < 0.001, model adjusted for off-therapy ANC), whereas on-therapy absolute lymphocyte counts (ALC) could not be modeled reliably (Nielsen et al., 2016). The authors claimed that measurements of the DNA-TG levels could provide blood counts when evaluating therapy intensity, but required prospective validation. Subsequently, a prospective sub-study of a phase 3 trial (NOPHO ALL 2008) has confirmed that the DNA-TG concentration (adjusted hazard ratio 0·81 per 100 fmol/μg DNA increase, 95%CI 0.67–0.98; p = 0.029) was closely related to relapse-free survival (Nielsen et al., 2017). Although higher DNA-TG was associated with a decreased relapse rate, it was worth noting that the cytotoxicity of maintenance therapy in ALL was also dependent on DNA-TG formation. Larsen and others added a low-dose 6-TG to MTX/6 MP maintenance therapy, termed as “TEAM” strategy, which proved to be a novel and practicable method to enhance the maintenance therapy, resulting in higher DNA-TGs without causing additional toxicity (Larsen et al., 2021b). They recommended that a reliable profile of DNA-TG levels could be provided by measuring DNA-TGs in leucocytes every 2–4 weeks (Larsen et al., 2021a). On the other hand, as pharmacogenomics significantly influence the metabolism of 6-MP, numerous studies have investigated the influence of genotypes on the DNA-TG levels. In Gerbek’s study, Gerbek found that TPMT heterozygous patients held notably higher DNA-TG levels than TPMT wild-type carriers (Gerbek et al., 2018). Another study of Nielsen was consistent with those results (Nielsen et al., 2021). Gerbek and others also found that the DNA-TG levels were significantly elevated in ITPA heterozygotes compared with ITPA wild-type carriers (Gerbek et al., 2018). In addition, DNA-TG accumulated with higher efficiency in vivo as the amount of risk alleles increased in the NUDT15 gene (Moriyama et al., 2017).
We speculate that those large inter-individual variations in previous studies might be caused by variations in 6-MP absorption and disposition, drug–drug interactions, different TPMT enzyme activities, ethnic differences, and by patients’ compliance. In addition, the stratification according to those risk factors could be performed, but many chemotherapies are still used in the same way when treating all types of ALL. Hence, as optimal metabolite levels may vary by indications, it is important for physicians to adapt posology so that toxicity can be reduced while efficacy is not affected.
CONCLUSION AND OUTLOOK
Thiopurines have been broadly used for over 5 decades in the treatment of a wide range of diseases. However, side effects for thiopurines ranging from mild rashes, flu-like symptoms to severe life-threatening myelosuppression, and hepatotoxicity have hindered their clinical application. Although pharmacogenetics and TDM for thiopurines may contribute to and influence clinical practice, there are still several problems that need to be addressed urgently.
Although the pharmacogenetics of thiopurines is one of the most successful clinical applications, the large intra- and inter-individual variations of thiopurines, especially the high incidence of side effects in Asian populations, remain difficult to explain well. One possible explanation is that, thiopurine-related toxicity phenotype could not be determined only by one or two genotyping analyses (e.g. TPMT and NUDT15). Conversely, while high-throughput techniques allow researchers to map thousands of genetic polymorphisms in a single test, it still remains an enormous challenge to identify and figure out which one exerts the most considerable impact on both efficacy and toxicity. We now propose in this review, that a comprehensive consideration of the “MINT” sequencing strategy including MRP4, ITPA, NUDT15, and TPMT genes, combined with patients’ clinical characteristics, will provide more accurate information for the precise medication of thiopurines. Furthermore, if rare SNPs could dramatically alter the properties of transporter proteins or enzymes in victims with thiopurine-related side effects, it would be beneficial to continue further research. Unfortunately, we still have a long way to go before incorporating pharmacogenetic tests into routine clinical practice, which can help predict the outcomes and effects of thiopurine therapy.
For TDM of active metabolites, the therapeutic levels of 6-TGNs, 6-MMPN, or their cut-offs remain inconsistent. Therefore, in clinical practice, physicians should be cautious about the calculated optimal threshold for adverse events. On the other hand, most studies measure the level of metabolites in RBCs to evaluate the effect of drug treatment, which are not representative of the drugs in lymphocytes. This may be the reason why various studies have come to different conclusions. Recent studies have found that the levels of DNA-TG may be more related to the clinical efficacy and adverse reactions of thiopurines, which is the development direction of TDM monitoring in the future. The standardization of procedures for the evaluation of metabolites should be attached great importance in the near future.
In conclusion, we propose that integrating the “MINT” sequencing strategy with routine DNA-TG- and 6-MMPN-monitoring might be more feasible toward improving the efficacy and tolerability of thiopurines. Nevertheless, multicenter studies with large samples in different ethnic populations need to be performed in the future.
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Probability of target attainment is the key factor influencing the outcome of meropenem therapy. The objective of the present study was to evaluate the relationship between the time in which the plasma free concentration of meropenem exceeds the minimum inhibitory concentration of pathogens (fT>MIC) during therapy and the clinical outcome of treatment to optimize meropenem therapy. Critically ill children with infections who had received intravenous meropenem monotherapy were included. The relationship between fT>MIC of meropenem and effectiveness and safety were explored. Data from 53 children (mean age ± standard deviation, 26 months ± 38) were available for final analysis. Children with fT>MIC ≥ 5.6 h (n = 14) had a more significant improvement in antibacterial efficacy in terms of decrease in fever (p = 0.02), white blood cell count (p = 0.014), and C-reactive protein (p = 0.02) compared with children with fT>MIC < 5.6 h (n = 39) after meropenem therapy completed. No drug-related adverse events were shown to have a causal association with meropenem therapy. Our study shows the clinical benefits of sufficient target attainment of meropenem therapy. Meeting a suitable pharmacodynamic target attainment of meropenem is required to ensure better antibacterial efficacy in critically ill infants and children.
Clinical Trial Registration: clinicaltrials.gov, Identifier NCT03643497.
Keywords: fT>MIC, meropenem, children, critically ill, pharmacodynamic target attainment
INTRODUCTION
Meropenem is the most widely used carbapenem in children for the treatment of severe infections owing to its broad antimicrobial spectrum (including multidrug-resistant bacteria) and favorable safety profile (Thalhammer and Horl, 2000; Cies et al., 2014). Meropenem shows time-dependent antibacterial activity related to the time that the plasma free concentration of meropenem exceeds the minimum inhibitory concentration (MIC) of the pathogen (fT>MIC) (Mathew et al., 2016). Despite its wide use, the standard dosing regimen, administered as 10–40 mg/kg/dose (q8h) infused for 0.5 h, for critically ill infants, children (Kongthavonsakul et al., 2016; Cies et al., 2017; Hassan et al., 2019; Wang et al., 2020) and adults(Alsultan et al., 2021) may fail to meet pharmacodynamic (PD) targets.
Probability of target attainment (PTA) is the key factor influencing the outcome of meropenem therapy. A higher target fT>MIC value ≥70% of the dosage interval has been suggested for patients with severe bacterial infections to ensure bactericidal effectiveness, however, limited data are available in children to support this target (Wang et al., 2020, Cies et al., 2017). Additionally, for some critically ill children without renal impairment, clearance (CL) of therapeutics is augmented thereby decreasing plasma levels, and the volume of distribution (Vd) is increased due to a hyper dynamic state in response to inflammation (Wang et al., 2020; Cies et al., 2017; Rapp et al., 2019). As a result, the probability of target attainment (PTA) of 70% fT>MIC with a standard meropenem dosing regimen is low in critically ill children (Wang et al., 2020). Failure to combat the causative pathogen adequately as a result of a low PTA clearly reduces the probability of successful treatment.
We hypothesized that PTA is the key factor for meropenem treatment success in critically ill children. To optimize meropenem therapy, the relationship between 70% fT>MIC of meropenem [70% × 8 h (the dosage interval) = 5.6 h] and clinical outcome was evaluated in this study.
METHODS
Study design
A multicenter prospective, open-label PD study of meropenem was conducted in Beijing Children’s Hospital, Baoding Children’s Hospital, Henan Children’s Hospital, Hebei Children’s Hospital from 2019 to 2021. Children hospitalized in pediatric intensive care units with bacterial meningitis [National Institute for Health and Care Excellence (NICE), 2018], sepsis (Dellinger et al., 2013) or severe pneumonia (Subspecialty Group of Respiratory Diseases, 2013) who had received meropenem monotherapy (Dainippon Sumitomo Pharma, Osaka, Japan) for a clinically suspected or proven bacterial infection as an intravenous infusion for 0.5–1 h at 20–40 mg/kg/dose (q8h) were included. Exclusion criteria included a history or evidence of chronic pathology of any organ system, receiving meropenem for ≤48 h, non-bacterial infections, and incomplete clinical information. Demographic data, clinical “characteristics,” and response to/adverse events (AE) associated with meropenem therapy were recorded in H6WORLD system (https://www.h6world.cn/home) for the management of clinical data independently.
Calculation of fT>MIC for meropenem
Opportunistic PK samples were collected and plasma concentrations of meropenem were quantified using high-performance liquid chromatography (HPLC) as described in our previous study (Wang et al., 2020). On the basis of the population pharmacokinetic (PK)-PD parameters of meropenem in critically ill infants and children with infections reported (Wang et al., 2020), the fT>MIC for each patient was calculated using the following equation (Dudley and Ambrose, 2000; Bradley et al., 2008; Yun et al., 2010):
[image: image]
where Vd is the volume of distribution, T1/2 is the serum elimination half-life, and Dose is the single dose administered. The information associated with Vd and T1/2 value is detailed in our article (Wang et al., 2020). Meropenem has excellent activity against Gram-positive bacteria, including Streptococcus pneumoniae, and Gram-negative organisms such as Escherichia coli, Haemophilus influenzae, Klebsiella pneumonia, and Neisseria meningitidis; these were the most common bacterial pathogens observed in our study. The MICs for almost all pathogens were ≤1 mg/L (CLSI supplement M100. Wayne, 2019) and the PTA was 18.7% (MIC = 1 mg/L) and 5.8% (MIC = 2 mg/L) at the standard dosing regimen for meropenem under 70% fT>MIC based on our microbiological data (Wang et al., 2020). In order to ensure enough children in the PD target attainment group for efficacy analysis, MIC = 1 mg/L with higher PTA was selected. It should be highlighted that the choice of the 5.6-h cut-off value for meropenem was based on a high PTA at 70% fT>MIC (8-h dose interval). The 70% fT>MIC (defined as the time that the plasma free concentration of meropenem exceeds the MIC) value of meropenem was calculated as 70% × 8 h (the dosage interval) = 5.6 h. Patients with fT>MIC values ≥ 5.6 h were identified as achieving fT>MIC of at least 70% and meeting the target attainment. The relationship between meropenem fT>MIC and effectiveness and safety were explored.
Effectiveness assessment
The assessment of response to meropenem therapy was based on clinical characteristics (signs and symptoms of infection and inflammatory markers) and/or radiological (X-ray or computed tomography scans) findings at first 48–72 h after meropenem treatment and the point when meropenem therapy was completed. Clinical response was defined as improvements in signs and symptoms, laboratory testing values, and infection resolution without worsening of severe pneumonia by chest X-ray examination. Failure was defined as the demonstration of no improvement or deterioration of signs and symptoms, laboratory testing values, or the requirement of additional antibiotics (Schuler, 1995). The effective rates (ER) were calculated using the following equation:
[image: image]
where Ni is the numbers of patients with clinical improvement in children with fT>MIC ≥ 5.6 h or children with fT>MIC < 5.6 h, N is the total numbers of children in the corresponding group above.
Safety assessment
AEs that occurred during meropenem use were recorded and classified by severity (mild, moderate, severe, or life-threatening) and relationship (possibly, probably, certainly, probably not, or certainly not related) to treatment by the investigator independently before and after therapy (Cohen-Wolkowiez et al., 2012; Liu et al., 2018).
Statistical analysis
Data are expressed as the means ± standard deviation (SD). Proportions were compared by the χ2 or Fisher’s exact tests, as appropriate. Continuous variables were compared by the t-test or Wilcoxon test, as appropriate. Statistical significance was defined by a two-sided p value of 0.05. All statistical analyses were performed using IBM SPSS software version 25.0.
RESULTS
Patients
From July 2019 to November 2021, 98 critically ill children with infections who had received intravenous meropenem were screened. There were 53 patients (18 bacterial meningitis, 24 sepsis, and 11 severe pneumonia patients) available for PD analysis after exclusion of 35 patients on two antibiotics (including meropenem), one patient with Kawasaki disease, three patients out of study, three patients with trauma, two patients who had been infected with virus combined and one patient with meropenem treatment for 1 day. The mean age and weight of the 53 children at the time of study were 26 ± 38 months and 12.67 ± 11.07 kg, respectively. There were no significant differences in diseases distribution between the two groups (Table 1).
TABLE 1 | Demographic parameters.
[image: Table 1]Calculation of meropenem fT>MIC levels
Meropenem was administrate in the enrolled patients with sepsis, severe pneumonia (20 mg/kg/dose) and bacterial meningitis (40 mg/kg/dose) respectively. The median duration of therapy was 13 days. 111 meropenem concentrations were obtainable. The median number of samples per patients was 2 (range, 1–4). The median meropenem concentration of PK samples was 1.16 (range, 0.2–147.24) μg/ml. The median fT>MIC was 4.38 h (range, 3.48–8.0 h).
Effectiveness assessment
fT>MIC of meropenem was <5.6 h in 39 cases (73.58%) and ≥5.6 h in 14 cases (26.42%). Significant improvement in antibacterial efficacy at first 48–72 h after meropenem treatment (ER: 78.57% v 35.90%, p = 0.006) and the point when meropenem therapy was completed (ER: 92.86% v 64.10%, p = 0.04) was found in children with fT>MIC ≥ 5.6 h compared with children with fT>MIC < 5.6 h. Significantly decreases in fever were present between the two groups at first 48–72 h (p = 0.002) and the point meropenem therapy completed (p = 0.02). Additionally, Clear decreases in white blood cell (WBC) counts (p = 0.014) and C-reactive protein (CRP) (p = 0.02) were also observed between the two groups after meropenem treatment. No significant differences were observed for other effectiveness parameters (Table 2).
TABLE 2 | Clinical response to meropenem therapy in children.
[image: Table 2]fT>MIC of meropenem was <5.6 h in 14 cases (77.78%) and ≥5.6 h in 4 cases (22.22%) in children with bacterial meningitis. More decreases in fever, WBC and CRP were found between the two groups at first 48–72 h and the point meropenem therapy completed. However, only improvement in fever was significant at the early treatment stage(p = 0.023) (Table 3).
TABLE 3 | Clinical response to meropenem therapy in children with bacterial meningitis or spesis and severe pneumonia.
[image: Table 3]Safety assessment
All 53 patients were assessed for treatment safety. Fourteen mild AEs were reported in ten (18.87%) patients, including granulocytopenia (6), aspartate aminotransferase (5), alanine aminotransferase increase (2), and rash (1). There was no statistically significant difference in meropenem fT>MIC between children with or without AEs (p = 0.715). No patients discontinued meropenem treatment in response to AEs and no drug-related AEs were causally associated with meropenem treatment.
DISCUSSION
Optimizing PK exposure of antibiotics to meet suitable target attainment in critically ill patients could improve infection-related outcomes and reduce bacterial antibiotic resistance. A previous study reported that adjusting doses to achieve a fT>MIC of at least 70% of the dosage interval was more likely to eradicate the causative pathogen (Scaglione et al., 2009). To the best of our knowledge, our study shows the clinical benefits of a high PTA for meropenem therapy in critically ill children.
To ensure better clinical outcome, 70% fT>MIC was selected as the PD target in critically ill infants and children associated with immunodeficient states (Ariano et al., 2005; Scaglione et al., 2009; Franciscus van der Meer et al., 2011). Our study did find that there was significantly clinical improvement in children with fT>MIC ≥ 5.6 h than children with fT>MIC < 5.6 h. We further simulated the clinical efficacy of meropenem with lower fT>MIC (60% of the dosage interval = 4.8 h) as the PD target in these children. However, it was no significant difference between the children with fT>MIC ≥ 4.8 h and children with fT>MIC < 4.8 h (p > 0.05, range 0.141–0.905).
According to the instructions, meropenem was administered at 40 or 20 mg/kg in children with bacterial meningitis or other infections, respectively. There was no difference in disease distribution between two groups (p = 0.299–0.620). Therefore minor effect under different doses for meropenem was related with our conclusion. In addition, our study showed the better clinical benefits (fever, WBC and CRP) of a high PTA of meropenem therapy in children with bacterial meningitis (n = 18). Unfortunately, most of the differences were not significant which associated with the limited patients enrolled. Similar results were also found in children (n = 35) with severe pneumonia (n = 11) and sepsis (n = 24) (Table 3). When the analysis was performed target the whole patients, the differences between the two groups were dramatical as the total population increased (Table 2).
In our study, clinical signs improved in 71.70% cases, which is similar to what Punpanich et al. (2012) reported (68.1%) with a standard dosing regimen for meropenem. However, their regimen could not reach the PD target for susceptible and multi-resistant organisms in critically ill children (Wang et al., 2020). As shown here, optimization of the dose regimen for meropenem is a viable means of improving its efficacy. Children with a high PTA had a significant improvement in antibacterial efficacy compared with children with low target attainment at both the early and final stages of meropenem treatment. Length of hospitalization also decreased in children with a high PTA, although the difference between the two groups was not statistically significant, which is possibly attributed to the limited number of patients. Furthermore, the proportion of patients with decreased inflammatory markers in the group with fT>MIC ≥ 5.6 h was lower than that in the group with fT>MIC < 5.6 h, but this was also not significant. However, for the patients with inflammatory markers reduced to normal levels, there were significant differences between the two groups. Taken together, a high PTA observably increases the probability of recovery.
We further found that the children with fT>MIC < 5.6 h had higher creatinine clearance than children with fT>MIC ≥ 5.6 h (177.26 v129.56 ml/min/1.73 m2), which resulted in rapid excretion of meropenem and lower fT>MIC. To determine the optimal dosage regimens, we evaluated treatment frequency and infusion time, showing that 40 mg/kg/dose (q8h) with 4-h infusion and 110 mg/kg/day with continuous infusion can achieve PTA for bacteria with a low MIC (≤2 mg/L) and high MIC (2–8 mg/L), respectively (Wang et al., 2020). Multicenter random clinical trials associated with the efficacy and safety of these recommended regimens are under way.
There are several limitations in our study. Firstly, this study was limited by the small number of children enrolled. Secondly, the selection of the cut-off value (70% fT>MIC = 5.6 h, MIC = 1 mg/L) for PTA of meropenem was mainly based on our microbiological and PK-PD data. Different values and MICs might be targeted with bacterial pathogens with higher MICs. Finally, only patients on meropenem monotherapy were included in this study. Because combined antimicrobial therapy might introduce additional complicating factors in the interpretation of the relationship between PTA of meropenem and clinical outcome.
CONCLUSION
Our study demonstrates the clinical benefits of a high PTA with meropenem therapy in critically ill children with infections. Children with meropenem fT>MIC ≥ 5.6 h showed better antibacterial efficacy. Prospective trials to confirm this discovery in a larger pediatric population will be conducted in future studies.
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Background: Methylphenidate is the most prescribed stimulant to treat attention deficit-hyperactivity disorder (ADHD). Despite its widespread usage, a fair proportion of children are classified as non-responders to the medication. Variability in response and occurrence of adverse events with methylphenidate use may be due to several factors, including drug-drug interactions as well as pharmacogenetic differences resulting in pharmacokinetic and/or pharmacodynamic variances within the general population. The objective of this study was to analyze the effect of carboxylesterase 1 (CES1) variants on the frequency of adverse effects and dosing requirements of methylphenidate in children with ADHD.



Methods: This was a retrospective cohort study of children and adolescents who met the inclusion criteria and had a routine visit during the enrollment period were invited to participate. Inclusion criteria included: ADHD diagnosis by a healthcare provider, between 6 and 16 years of age at the time of permission/assent, had not previously been prescribed methylphenidate, and treatment with any methylphenidate formulation for at least three consecutive months. Three months of records were reviewed in order to assess changes in dose and frequency of discontinuing methylphenidate. Participants’ ADHD symptoms, medication response, adverse effects, select vitals, and dose were extracted from the electronic health record. Saliva samples were collected by trained study coordinators. Haplotypes were assigned based on copy number in different portions of the CES1 gene. Due to limited numbers, diplotypes (combinations of two haplotypes) were grouped for analysis as CES1A1/CES1A1, CES1A1/CES1A1c and CES1A1c/CES1A1c.



Results: A total of 99 participants (n = 30 female; n = 69 male) had both clinical data and CES1 sequencing data, with an average age of 7.7 years old (range 3–15 years). The final weight-based dose in all individuals was 0.79 mg/kg/day. The most common adverse effects reported were decreased appetite (n = 47), weight loss (n = 24), and sleep problems (n = 19). The mean final weight-based dose by haplotype was 0.92 mg/kg for CES1A2/CES1A2, 0.81 mg/kg for CES1A2/CES1P1, and 0.78 mg/kg for CES1P1/CES1P1. After correction for multiple hypothesis testing, only one SNV, rs114119971, was significantly associated with weight-based dosing in two individuals. The individuals with the rs114119971 SNV had a significantly lower weight-based dose (0.42 mg/kg) as compared to those without (0.88 mg/kg; p < 0.001).



Discussion: Variation in CES1 activity may impact dose requirements in children who are prescribed methylphenidate, as well as other CES1 substrates. Although intriguing, this study is limited by the retrospective nature and relatively small sample size.
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Introduction

Attention deficit hyperactivity disorder (ADHD) prevalence worldwide varies considerably, and is estimated to be around 5%, ranging from 2%–7% (1). Among children 6–17 years of age in the United States, ADHD is the most prevalent neurodevelopmental disorder, with 9.5% of all U.S. children between 6 and 17 years of age having received a diagnosis of ADHD at any point in their lifetime (2). The overall prevalence in children 3–17 years of age has increased by 33% from 1997–1999 to 2006–2008 (3). Additionally, a previously estimated cost of illness of ADHD estimated the annual individual costs of ADHD to be between $12,005 and $17,458, and the total annual societal cost between $36 and $52.4 billion (4). ADHD currently has a prevalence estimated to be around 5% (5).

Methylphenidate is first-line treatment in children and adults, is available in several formulations, and is the most prescribed stimulant to treat attention deficit-hyperactivity disorder (ADHD), as well as the most dispensed medication to adolescents 12–17 years with approximately 10 million prescriptions per year from 2002 to 2010 in children 0–17 years of age (6, 7). Despite its widespread usage, a fair proportion of children are classified as non-responders to the medication, while roughly half remain on the medication after one year (8). This variation in response may be due in part to individual pharmacokinetic differences in metabolism and/or pharmacodynamic differences in receptors and transporters. Methylphenidate is a stimulant that works by inhibiting the reuptake of norepinephrine and dopamine into presynaptic neurons, thus increasing these neurotransmitters in the brain. Due to methylphenidate's mechanism of action, research has focused on several genes looking at individual response to treatment, including the dopamine transporter, dopamine receptor, and norepinephrine transporter. Studies comparing genetic variation within these genes have led to mixed results thus far and have resulted in minimal clinical impact (9–11).

Methylphenidate is metabolized to the inactive metabolite ritalinic acid by the enzyme carboxylesterase 1 (CES1) (12). Numerous single nucleotide variants (SNVs) and copy number variants (CNVs) have been identified within the CES1 gene, with some resulting in altered enzyme activity, and either increased or decreased levels of methylphenidate plasma concentrations at standard doses (13, 14). These differences in overall exposure may lead to differences in both clinical response and adverse effects.

Few clinical studies have been completed describing the relationship between CES1 and methylphenidate with adverse event and clinical response rates. Zhu et al. demonstrated marked pharmacokinetic differences of methylphenidate in an individual with two variants in the CES1 gene. One variant described a nonconservative amino acid substitution of glycine to glutamic acid (G143E; rs71647871), while the second was a frameshift mutation of CES1. This individual experienced a markedly increased area under the curve (AUC), maximum concentration, and half-life as compared to 19 other participants, as well as greater hemodynamic increase. While the frameshift mutation is considered rare (<1%), the glycine to glutamic acid was found in 3.7%, 4.3%, and 2.0% of white, black, and Hispanic populations (13). Furthermore, the G143E variant has also been shown to impair the bioactivation of oseltamivir, which is also a substrate for CES1 (15).

Variability in response and occurrence of adverse events with methylphenidate use may be due to pharmacogenetic differences resulting in pharmacokinetic and/or pharmacodynamic variances within the general population. These differences may be the result of varying levels of drug exposure among individuals at comparable doses, which may directly impact the occurrence of adverse effects and clinical response rates. Improving treatment by selecting the most appropriate dose for an individual may lead to better utilization of ADHD medications, resulting in less treatment failure and better symptomatic control. The objective of this study was to analyze the effect of CES1 variants on the frequency and severity of adverse effects and dosing requirements of methylphenidate in children with ADHD.



Materials and methods


Study design

This was a retrospective cohort study examining variation in the CES1 gene and clinical characteristics in children and adolescents with ADHD prescribed any formulation of methylphenidate. Children and adolescents who met the inclusion criteria and had a routine visit during the enrollment period were invited to participate through mailed invitation letters and a follow-up phone call from study staff. Inclusion criteria included: ADHD diagnosis by a healthcare provider included in their medical record, between 6 and 16 years of age at the time of permission/assent, no previous trial of methylphenidate, and treatment with methylphenidate for at least three consecutive months without concomitant use of another drug to treat ADHD or MAOIs. Exclusion criteria included those with hypersensitivity to methylphenidate, marked agitation, anxiety, or tension, motor tics, diagnosis of Tourette syndrome, or any cardiac abnormality. Informed parental permission, child assent, and saliva collection were obtained at the participant's regularly scheduled appointment by trained study coordinators in cooperation with their health care provider and nursing staff. This study was reviewed and approved by the Essentia Health Institutional Review Board.



Clinical assessment

The primary outcomes of interest included known methylphenidate adverse effects and daily dose. Participants' ADHD symptoms, medication response, adverse effects, and select vitals (height, weight, blood pressure, and heart rate) were assessed using data extracted from the electronic health record through analytics and manual abstraction conducted by research staff.

Study data were collected and managed using REDCap electronic data capture tools hosted at Essentia Health. REDCap (Research Electronic Data Capture) is a secure, web-based application designed to support data capture for research studies, providing: (1) an intuitive interface for validated data entry; (2) audit trails for tracking data manipulation and export procedures; (3) automated export procedures for seamless data downloads to common statistical packages; and (4) procedures for importing data from external sources (16, 17).

Participants and their accompanying parent or guardian were asked at the time of saliva collection to self-report race and ethnicity based on standardized data collection tools (phenxtoolkit.org) as well as the names and dates of birth of the participant's biological parents and grandparents (if available) to determine and account for relatedness of study participants at the time of analysis.



Sample collection and CES1 sequencing

Saliva samples were collected by trained study coordinators using Oragene® DISCOVER (OGR-500 and OGR-575) saliva collection kits, and were stored in a laboratory setting until DNA extraction and gene sequencing were conducted. Each sample was extracted following the automated QIAamp DNA Mini Kit (QIAGEN, Hilden, Germany) protocol for the QIAcube (QIAGEN, Hilden, Germany). Purified DNA extracts were set to elute in 2 increments of 100 μl of AE buffer (200 μl total elution volume). DNA quantification was performed in triplicate using the Qubit™ dsDNA HS Assay Kit (Thermo-Fisher, Waltham, MA) for the 2.0 Qubit™ fluorometric quantification system according to manufacturer's instructions.

Amplicon design and approximate primer placement were performed using Geneious Primer v. 2019.2.3 against the repeat-masked CES1 locus that included 20 kbp up- and downstream (build hg38 in UCSC Genome Browser). Concurrent GC% and conserved SNP tracks were plotted in Geneious alongside the reference to facilitate visual inspection of candidate regions for primer placement such that (1) resulting amplicons had a final size of ∼6 kbp +/− 15%, and (2) amplicons overlapped by at least 200 bp. Genomic coordinates for these candidate ranges were used to iteratively design primers for each amplicon using NCBI PrimerBLAST to have a final length of 20–26 nt and calculated Tm between 58 and 62 °C. Where possible 3′ GC clamps were included and homopolymers limited to 5 nt. Oligonucleotide primers were synthesized by Integrated DNA Technologies (Coralville, IA) with standard desalting and included a single phosphorothioate linkage before the terminal 3′ base to reduce off-target amplification from primer editing (18).

Amplicons were generated using Q5 HiFi HotStart mastermix (New England Biolabs, Ipswich, MA) in a 20-µl PCR containing 10 µl 2× mastermix, 1 µl of forward primer (10 µM), 1 µl of reverse primer (10 µM), 7 µl nuclease-free water, and 1 µl (10 ng/µl) of extracted gDNA. Amplification was performed according to the following cycling conditions (all except region (4): 98 °C for 30 s, followed by 30 cycles of 98 °C for 10 s, 64 °C for 15 s, and 72 °C for 3 min, and a final extension at 72 °C for 5 min. Region 4 used an extension time of 3 min 30 s. PCR products were purified using 0.5× (v/v) Ampure XP beads (Beckman-Coulter), quantified using Picogreen, and normalized to 10 ng/µl. Normalized amplicons from the same individual were pooled at equal volume (2 µl each) and concentrated to ∼5 µl by evaporation before undergoing PacBio library creation (SMRT Bell Express Template Kit 2.0, Pacific Biosciences, Menlo Park, CA) with sample barcodes added via ligation. Once barcoded, all libraries were pooled together and sequenced on 1 PacBio 8M SMRT cell (3 pM loading concentration) with 2-h pre-extension.

Circular consensus reads (CCS) were generated for all samples using PacBio's ccs v.6.0.0, the default minimum of 3 full passes (three full reads through the amplicon), a minimum target length of 4,000 and a maximum target length of 8,000. Reads were aligned to the human genome (GrCh38) using pbmm2 v.1.4.0, PacBio's wrapper for minimap2 (19). Bedtools v2.29.2 (20) was used to measure coverage for both CES1 and CES1P1 (to check for off-target, non-specific amplification.) For each amplicon, 30× coverage was required for a sample to be included in the final analysis. For most amplicons, only four or fewer samples had insufficient depth to be retained in the final analysis, however amplicon 4 failed to amplify for 26 samples. There was virtually no amplification of CES1P1 (as designed). The highest coverage in any sample at any point in CES1P1 was 14× (while the same sample had an average coverage of CES1P1 of only 0.08× and a minimum of 2,654× coverage for CES1).

Variants were called from the aligned bams using freebayes v.1.3.4 (21) using the following parameters: (1) Requiring a minimum of 5 reads and 10% of reads supporting an alternate call (-C 5, -F 0.10), (2) Restricting calls to just the amplified regions, (3) “Output all alleles which pass input filters regardless of genotyping outcome or model.” (–pooled-continuous) (–haplotype-length 0), (4) Haplotype length set to 0 to emit simple SNP and indel calls (rather than complex haplotype calls) (–haplotype-length 0). Variant calls were filtered with bcftools v.1.6 (22) to remove calls with a quality score < 20. SNPs were phased using whatshap v.1.0 (23).

In a parallel analysis to the alignment and variant calling, PacBio's (long amplicon analysis tool v.2.4.2 (LAA) [https://github.com/PacificBiosciences/pblaa]) was used to collapse reads into phased haplotypes, representing distinct allele sequences for each amplicon within each sample. The relative number of reads supporting each haplotype from this analysis was used as additional confirmation of the copy number calling. Haplotypes were assigned based on copy number in different portions of the CES1 gene, using custom R code. Due to limited numbers diplotypes (i.e., combinations of two haplotypes) were grouped for analysis as CES1A1/CES1A1, CES1A1/CES1A1c and CES1A1c/CES1A1c.

The relationship between individual SNVs and clinical correlates were assessed for a list of SNVs determined from the literature. Linkage disequilibrium was calculated for all SNVs, and to account for the most closely linked SNVs, for every pair of SNVs with an R2 > 0.95 the SNV present in the highest number of samples was chosen for further analysis. (If two SNVs were in the same number of samples, the first one was chosen.) This dropped the number of key SNVs analyzed against clinical correlates to 19. (Supplementary File) SNVs were treated as simply present or absent, and were tested against binary clinical traits (e.g., side effects) with Fisher's exact test, and against continuous traits {e.g., log2[dose by weight (mg/kg)]} with a t-test. The Benjamini-Hochberg correction was used to correct for multiple hypothesis tests across all tests (all SNVs and all clinical correlates) (Figure 1).
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FIGURE 1
Notable CES1 SNPs.





Results

A total of 99 participants (n = 30 female; n = 69 male) had both clinical data and CES1 sequencing data (Figure 2), with an average age of 7.7 years old (range 3–15 years) at their initial visit. Of note, methylphenidate is approved for children 6 years and older, but is sometimes used in younger children, and our data included children as young as three years of age.
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FIGURE 2
Study flowchart.


Age was significantly associated with both the final absolute dose (p = 0.018) and weight-based dose (mg/kg; p = 0.005), though the r2 values for both were relatively low at 0.056 (Figure 3) and 0.078, respectively. The final average absolute dose in all participants was 24.2 mg/day (22.4 mg/day in females vs. 25.0 mg/day in males), while the final weight-based dose in all individuals was 0.79 mg/kg/day (0.74 mg/kg/day in females vs. 0.81 mg/kg/day in males). In total, 65 participants had any change in dose, 61 had a dose increase, and 15 had a dose decrease. Adverse effects were reported for 69 (female = 20, male = 49) of the individuals. The most common adverse effects reported were decreased appetite (n = 47; 14 females, 33 males), other (n = 27), weight loss (n = 24; 10 females, 14 males), and sleep problems (n = 19; 4 females, 15 males). The mean final weight-based dose by haplotype is described in Table 1.
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FIGURE 3
Comparing age and final methylphenidate dose across CES1 haplotypes.



TABLE 1 Methylphenidate dose by CES1 haplotype (mg/kg).
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The CES1 locus and 12 kb upstream were sequenced with overlapping ∼6 kb amplicons and PacBio Sequel sequencing. Nine tiled, overlapping primer sets were designed to cover all CES1 and 12 kb upstream, but primer sets 8 and 9, targeting the 3′ end of the gene, were not successful and not included in the final project. Additionally, amplicon 4 performed poorly and a subset of samples are either missing amplicon 4 or have low coverage. Amplicon 4 covers exon 2 and 3. As a result, the final sequencing data cover 12 kb upstream of CES1 to partway through intron 11 of the 14-exon CES1 gene for 99 individuals, and 19 individuals are missing data for exons 2 and 3 (amplicon 4). Most samples (77 of the 99 final samples) had no amplicons with less than the threshold 30× coverage required for further analysis, and most amplicons had vastly more than 30× coverage (median coverage for all exons was >2000×). Of the 22 samples where an amplicon was below 30× coverage, in 20 samples only one amplicon was <30×, and in the other two samples, it was two amplicons. Given the good coverage across amplicons, haplotypes could reasonably be inferred for 99 samples that also had clinical correlates (Supplementary File).

Before correction for multiple hypothesis testing, nine SNVs showed significant associations, three with weight-based doses, five with weight loss, and one with both weight loss and dose increase. The three SNVs associated with weight-based doses [determined by t-test of log2(last dose in mg/kg) for children with and without the SNV] were rs114119971 (p = 4.3e–13), (Figure 4) rs4122238 (0.77 with the SNV mg/kg vs. 1.1 mg/kg without the SNV; p = 0.0095), (Figure 5) and rs74019272 (0.28 mg/kg with the SNV vs. 0.81 mg/kg; p = 0.023). (Figure 6) The six SNVs associated with weight loss were rs32171764 (p = 0.003), rs2244614 (p = 0.0039), rs1968753 (p = 0.0065), rs2302719 (p = 0.014), rs2244613 (p = 0.032), and rs2002577 (p = 0.039). SNV rs3217164 was also associated with dose increase (p = 0.032). Correction for multiple hypothesis testing assumes independence of tests. While the SNVs with the highest linkage disequilibrium were filtered from the dataset so only one of each pair of highly-linked SNVs was analyzed further, there was still considerable linkage disequilibrium among the remaining SNVs. As such, the remaining SNVs tested may not be truly independent, and the Benjamini-Hochberg correction for multiple hypothesis testing may be too stringent. It is worth considering the tests that were still significant after multiple hypothesis correction as the strongest result, but those that were only significant prior to the correction may also be worth consideration for further research.
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FIGURE 4
Comparing dose (mg/kg) with rs114119971.
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FIGURE 5
Comparing dose (mg/kg) with rs4122238.
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FIGURE 6
Comparing dose (mg/kg) with rs74019272.


After correction for multiple hypothesis testing, only one SNV, the previously mentioned rs114119971, was significantly associated with weight-based dosing, and included only two individuals with the SNV. The two individuals with the rs114119971 SNV had a significantly lower weight-based dose [as determined by a t-test of log2(final dose in mg/kg) in children with and without the SNV, final dose with rs114119971 = 0.42 mg/kg] as compared to those without the SNV (final dose = 0.88 mg/kg; p = 4.3e–13, adjusted p = 1.3e–10). One individual was identified as having the rs71647871 SNV, with a final absolute dose of 27 mg and weight-based of 0.37 mg/kg.



Discussion

Due to the many variables involved, clinical implementation of pharmacogenetic testing in children with ADHD has proven challenging. Although this study was unable to discern any associations between clinical response to methylphenidate and CES1 genetic variation, we did identify several CES1 SNVs associated with weight-based dosing and weight loss; however, after correction for multiple hypothesis testing only a single SNV remained statistically significant. While sparsely studied, associations between CES1 and methylphenidate dose, response, and adverse effects have been previously reported.

Previously, pharmacokinetic studies have described a handful of variants significantly associated with methylphenidate exposure. The previously noted Zhu et al. article described two functional CES1 variants in a single adult resulting in decreased enzyme activity as shown by increased exposure to methylphenidate (13). Additionally, Stage et al. showed a similar increased exposure to methylphenidate of the rs71647871 SNV in a group of Danish adults (14). Similar effects for the rs71647871 variant were shown when examined as the metabolic ratio of ritalinic acid to methylphenidate (24). While the pharmacokinetic impact of this variant is well defined, only a single individual with this variant was included in this study.

Nemoda et al. described children classified as responders to methylphenidate with the glycine to glutamic variant allele require significantly smaller dosing requirements as compared to responders without the variant allele (0.41 vs. 0.57 mg/kg) (25). However, these results are limited as they were based upon five individuals with the variant allele. We were unable to compare our own results to these, as only one individual completing all study procedures also had this variant. Of the variants with significant associations with weight-based dosing, the rs114119971 SNP is a missense variant, while the rs4122238 and rs74019272 are both intron variants.

The rs114119971 SNP identified as being significantly associated with weight-based dosing after multiple hypothesis correction is a missense variant with a low allele frequency (0.2%–0.9%). No other studies were identified describing this variant with methylphenidate (or any other CES1 substrate) dosing or clinical response, and this SNP was found in only two participants in the study described herein. Of note, these two individuals required significantly lower doses as compared to those without the rs114119971 variant. Further study examining the pharmacokinetic effect of this variant on methylphenidate and other CES1 substrates may be warranted.

Recent clinical studies have compared side effect profile with genetic variation in the CES1 gene in children taking methylphenidate for ADHD. Specifically, Johnson et al. identified two CES1 SNV markers (rs2244613 and rs2002577) in linkage disequilibrium with two SNVs in the norepinephrine transporter gene associated with sadness as a side effect (26). While our study did not find an association between these SNPs and sadness, they were found to be associated with weight loss prior to multiple hypothesis correction. The rs2244613 variant has also been associated with low trough concentrations of dabigatran, which is also a CES1 substrate requiring bioactivation, with an allele frequency of approximately 13.2%–40.3% (27). Additionally, Bruxel et al. described a different CES1 variant (rs3815583) where carriers had a significant odds ratio of 3.5 for appetite reduction worsening as compared to those who lacked the variant (28), although we did not find a similar association.

Of the five SNPs associated with weight loss, all were intron variants with high allele frequencies. The rs2244614 variant has an allele frequency of 18%–50% and was not shown to impact the pharmacokinetics or toxicity of capecitabine in colorectal cancer patients (29). An additional study examining the pharmacodynamic effects of CES1 variation, including rs2244614, in patients treated with angiotensin converting enzyme (ACE) inhibitors with congestive heart failure did not show significant associations (30). The rs1968753 variant has an allele frequency of 19%–45% and was previously shown to possibly be a candidate for risk prediction of antituberculosis drug-induced hepatotoxicity (31). The rs2244613 variant is relatively well described in CES1 substrates other than methylphenidate and has an allele frequency of 15%–40%. The rs2244613 variant has been associated with lower dabigatran trough concentrations (27), reduced risk of diarrhea with irinotecan treatment (32), and lower peak and trough enalaprilat concentrations (33). The rs2302719 and rs2002577 SNVs are both intron variants with relatively high allele frequencies, though no studies were identified describing these.

While this study focused on the impact of variation in CES1 on methylphenidate dosing and adverse effects, other non-genetic factors also contribute to CES1 activity. These include natural products capable of inhibiting CES1 activity (34), alcohol (35), and therapeutic agents which may result in drug-drug interactions (36). Additionally, variation in several other genes have been described as it relates to methylphenidate adverse events and clinical response (37, 38).

Although studies describing the pharmacokinetic and pharmacodynamic effects of CES1 on medications such as methylphenidate, ACE-inhibitors, and dabigatran are increasing, CES1 is rarely included in commercially available pharmacogenetic testing panels. Based on registered laboratories through the National Library of Medicine Genetic Testing Registry, only six laboratories include CES1 genetic testing, five of which are located within the United States. Variants such as rs71647871 that have been shown to increase exposure to CES1 substrates could be clinically useful in identifying individuals who may respond better to a lower dose or an alternative medication.

This study is limited by the retrospective nature of the clinical and adverse effect data, and is dependent on medical records. It is also limited by the inclusion of all methylphenidate formulations considered as the total daily dose of methylphenidate. Additionally, given the considerable variation of CES1 the sample size is relatively small to show clinically significant differences in dosing or adverse effects.

Contributions of this study include improving researchers' and clinicians' understanding of how genetic variation in the CES1 gene primarily responsible for the metabolism of methylphenidate impacts adverse events and dose requirements in children with ADHD.
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(95%Cl) (95%Cl)
Ka (h) 1.26 (20.9) 1.27 (0.78-2.02) - - -
CLJF (LUh) 29.1(38) 29.0 (269-31.2) 280 (24.9) 287 (20.9-35.7) 347
Vo/F (L) 325 (15.7) 319 (273-398) 62.1 (29.3) 62.1 (48.7-77.3) 436
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VelF—(L) 262 FIX - - - -
TBIL on CL (%) -1.07 (20.4) ~1.05 (~150 to ~0.50) - = B
o 0348 (10.1) 0348 (0.356-0.393) = = -

Ka is the first-order absorption-rate constant. CL/F represents the apparent elimination clearance. Vo/F is the apparent central volume of the distribution. Q/F is the apparent
intercompartmental clearance. Ve/F is the apparent peripheral volume of the distribution. sis the additive resiclue error on the logarithmic scale. Population estimates in Table 2 are given for
a “typical” child with a body weight of 28 kg. Bodly weight was implemented as a fixed allometric function on all clearance and volume of distribution parameters using a power coefiicient of
0.75 and 1.0, respectively. The coefficient of variation for interindividual variability (IV) was calculated as 100 x ("""*%)'/2. The relative standard error (%RSE) was calculated as 100 x
(standard deviatior/mear). The total biliubin (TBIL) was implemented on the CL as a linear function (CL = CLypica X ((TBIL-10.65) x ~0.0107)). SIR: Sampiing importance resampiing
approach. The uncertainty was derived from the SIR with 2,000 samples and 1,000 resamples.
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Placebo IV-Ibuprofen  P-value
(N=45) (N =50)
No.ofevents  No. of events

Vomiting 3 1 0536
Infusion site discomfort 5 6 0892
Postoperative bleeding 1 4 0474
Headache 4 0 -

stomachache 1 4 0474
Rash erythematous 2 2 0.686
Hypoxia 0 0 -

“One patient
need reoperation.

the placebo group exp
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Gender

Female

Male

Povalue

Age (years)
Mean (SD)
Median

Povalue

Height (cm)
Mean (SD)
Median

Povalue

Body weight (kg)
Mean (SD)
Median

Pvalue

BMI (kg/m2)
Mean (SD)
Median

Pvalue
Operation duration (min)
Mean (SD)
Median

Povalue
Operation type
tonsillectomy
adenotonsillectomy
P-value

Types of tonsils
Intracapsular
Extracapsular

P-value

IV-Ibuprofen,
N=50

21 (42%)
29 (58%)

6.1(2.45)
58

1169 (23.30)
116.5

26.0(13.84)
215

17.1(3.87)
16.6

33.0 (11.08)
305

7 (14%)
43 (86%)

23 (46%)
27 (54%)

Placebo,
N=45

19 (42%)
26 (58%)
0.456

6.5(2.39)
63
0.344

122.0(15.24)
1200
0.186

26.9 (10.48)
240
0211

17.4(3.55)
16.6
0514

333(1397)
290
0638

7 (16%)
38 (84%)
0437

20 (44%)
25(56%)
0446
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Number (%) of patients who received supplementary fentanyl

0 dose supplementary fentanyl

21 dose supplementary fentanyl
P-value

Number (%) of patients who received
<1 dose supplementary fentanyl

>1 dose supplementary fentanyl
P-value* (Fisher)

Supplementary Fentanyl dose (jug kg™")
Mean (SD)

Median

P-value

Surgical blood loss (ml)

Mean (SD)

Median

P-value

Intent to treat

Ibuprofen Placebo
(n=50) (n=45)
40 (80%) 31(69%)
10 (20%) 14 (31%)

0.139
50 (100%) 40 (89%)
0(0%) 5(11%)
0.021
0.10 (0.20) 0.23(0.39)
0 0
0.128
9.00(2.67)
10
0.781

Efficacy evaluable
Ibuprofen Placebo
(n=45) (n=45)
39 (87%) 31(69%)
6(13%) 14 (31%)
0.043
45 (100%) 40 (89%)
0(0%) 5(11%)
0.056
007 (017) 0.23(039)
0 0
0.127
9.18(221) 9.00 (2.67)
10 10

0.978
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Characteristics Low-dose High-dose p value
group (N = 331) group (N = 342)
Male/Female 235/96 224/118 01256
CA, year 748 £ 248 7.48 £ 247 09739
BA, year 531£227 536 +223 07979
BA/CA 0.69 £ 0.13 070 £ 0.12 07575
Height, cm 11126 + 12.30 11151 + 12,64 07929
Weight, kg 1971 £ 5.50 19.62 £ 5.54 0.8367
BMI, kg/m® 1565 + 1.85 1548 £ 1.75 02273
Peak GH, ng/mL 592 %263 599 +2.54 07270
HV, cmlyear 231+ 154 244 % 148 02746
Ht SDS ~2.68 £ 0.85 -2.66 + 0.72 07271
IGF-1, ng/mL 12043 + 70.82 11332 + 6093 02193
IGF-1 SDS ~115 £ 148 -1.10 + 1.46 06398

CA ehraralouical aon BA. Boris sen: BML body tned iades 1t beighits IV Baghit wilocis 1081, Sl i wowth Ictorl.
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Index

FPG, mmol/L

INS1, mIU/L

HbAlc, %

TC, mmol/L

TG, mmol/L

HDL, mmol/L

LDL, mmol/L

Visit point, week

0
26
0
26
0
26
0
26
0
26
0
26
0
26

Low-dose
group (N = 333)

473 £ 054
476 + 052
571 £ 4.87
628 £ 5.36
535 %037
537 £035
434 +081
445 £ 0.89
079 £ 0.35
080 £ 0.37
155 £ 033
1.55 £ 033
238071
241 £070

High-dose
group (N = 344)

4.80 + 0.60
4.82 + 046
597 £4.95
628 + 466
530 £ 0.87
532 +039
432 £ 081
438 +090
0.81 + 044
0.80 + 036
154 +£032
154 +038
235+ 067
237 £072

PG Biting blood glucoe Bk Le; glrcoeviated hemoghobi

wtine il TC- total chalestaouls TG sritvoscite: ML high-ce

fieovevsele BB ow Sinalty v
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Patient ~ °Age  Sex Ethnicity Length Weight  Onset “Medical/ GAA Gene CRIM 9GAA Activity LM

(months) ©m  (kg) Age Surgical mutations. Status (Normal (@/m?)
(months)  History Reference
Range)
0101 61 F Han 705 63 5 Yes ©.258dUpC, p ASNB7Ginis'9lhet) - 112 (288-98.02pmoll/t) 2965
©.1987C > T, p.GIn663'(hel)
0102 15 F o Han 55 39 1 No ©.1802C > T, p.Ser601Leufhet) +  076(288-9802pmol/h) 790
©.1822C > T, p.ArgBOB'(hel)
0103 58 F o Han 58 50 4 No 1935C > A, pASpBA5Glu (het) + 105 (2.88-98.02 pmol/h) 2911
26626 > T, p.GuBs8' el
0104 7 Fooshe 64 62 6 Yes ©.1432G > A, p.GlyATBATg(het) +  087(288-9802pmol/h) 7455
©.1935C > A, p.Asp645Glulhet)
0105 59 F o Han 656 46 5 Yes ©.1832G > A, p.GyB1 1Asplnet) + 110 (288-98.02 ymoli/t) 2988
©.1935C > A, p.Asp645Glulhet)
0106 55 M Han i 66 4 No ©.796C > T, p.Pro266Ser(het) +  003(288-9802pmol/h) 2284
15624 > T, p.Glus21Vallhet)
0302 54 M Han 3 63 4 Yes ©.1935C > A, pAsp645Glufhet) +  68(248-930mmoligmin) 3619
26626 > T, p.GlUBBE" (et
0303 48 M Han 845 70 4 Yes ©.1082C > T, p.Prod61Leuinel) + 2,06 (>14nmolt vmg) 1403
©.1942G > A, p.GiyB4BSer(nel
0401 74 M Han 70 65 6 Yes ©.1121G > A, p.Cysd74Tyrthel) + 246233017 nmolvmgPy) 2318
©.1935C > A, p.Asp645Glulhet)
0403 42 F o Han 62 52 3 Yes ©.859-2A > T, p.2thet) + 076233017 nmolivmgP) 3069

c.1861T > G, p.Tm621Gly(het)

F, female; M, male; w/s, with support.

*Age at first infusion.

“Other than I0PD.

“CRIM status was predicted by GAA gene mutations.

Al patients had GAA enzyme test results below the lower it of the norma reference range.

Due 1o the diflerent GAA enzyme deteciion methods used in the medical center of each patient, the nom reference valse range and numericalunit of each patient i the table are different. LVEF: eft ventricular ejec
S S
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Free of Any Free of Invasive
Ventilator use (1=8)  Ventilator use (n = 9)

Survival, n (%) 8 (100%) 9 (100%)
95% confidence interval (63.1%, 100%) (66.4%, 100%)
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Parameters Model | Model I Model Model IV Model V Model VI Model Model Model IX
m Vi vin
3/4 Simple  3/4 Allometric  Age-cutoff  Age-cutoff  Weight- FFM- Age- PMA-
Allometric  exponent and separated  separated  dependent  dependent  dependent  dependent
model model maturation model model exponent exponent  exponent  exponent
function model model model model
model
Model CLx(NFM/ CLx(NFM/ CLx(NFM/56.1) CLx(NFM/ CLx(NFM/ CLx(NFM/ CLx(NFM/ CLx(NFM/ CLx(NFM/
description 56.1) 56.1) ' VixFmat 56.1) </ 56.1) ' 56.1) <" 56.1) </ 56.1) ' 56.1) '
oFv ~1805.01 -1806.7 -1307.41 13082 -1308.25 -1813.41 -1811.72 -1810.33 ~1810.09
AC -1291.01 -1200.7 ~1289.41 12882 128825 ~1201.41 -1289.72 -1288.33 -1288.09
BIC -1261.98 -1257.53 -1252.1 -1246.73 -1246.78 -1245.8 -1244.11 -1242.72 -1242.48
CL_STD 75 7.98 7.7 21.377.86°  11.7%/7.86° 7.79 7.87 773 7.74
Lh)
V_STD () 424 424 424 424 424 424 424 424 424
RUV_PROP 0.131 0.131 0.13 013 0.131 0.13 0.13 013 0.13
RUV_ADD 00479 00479 0048 00479 00477 00478 00477 00479 0.0479
Ffat_CL 0654 0625 0692 066 0683 0771 0.748 0725 072
ki 075 0801 075 1.31%0.783°  1.0%0.785° - - -
ks = ko-kmax/{[1+ (Weight o FFM/kso) 4]} or k; = ko-kmax/{[1+ (Age or PMAVkso)" ]}
TMso - - 31 - - - - - -
ko - - - - - 0933 0985 0838 0832
kmax - - - - - 0.169 0.205 00808 00731
kso - - - - - 8.46 585 14 115
HILL - - 203 - - 964 365 285 1080
BSV_CL 0237 0235 0234 0234 0233 0229 023 0231 0231
BSV_V 024 024 024 0241 024 0241 0.241 0241 0241

*Estimates for chidren <1 year of age.
“Estimates for chidren >1 year of age.

“Estimates for chidren <2 years of age.
IEstimates for chidren >2 years of age.
OFV, objective function value; AIC, akaike information criterion; BIC, bayesian information criterion; Clearance (CL_STD) and distribution volume (V_STD) estimates are standardized for an
acut male with a bodyweight of 70 kg and a height of 176 cm (FFMsyp = 56.1 kg); RUV_PROP, proportional residual unidentified variabilty; RUV_ADD, adltive residual unidentified
variabilty; Fiat_CL, fatfraction for CL; Thso, postmenstrual age (PMA) when busultan metabolism reaches 50% of adult levels; kmax s the maximum decrease of the exponent, kso s the
weight (Model V1 and VI) or age (Model VIll and IX) at which a 50% decrease in the maximum decrease i attained; HILL, hil coefficient for maturation; BSV, between-subject varibity,

implicated in CL and V.
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Parameter Original
CL_STD (Lh™") 7.7
V_STD () 424
RUV_PROP 0.130
RUV_ADD (mg L") 0.048
Ffat_CL 0.692
TMso (weeks) 31.0
HILL 2.03
BSV_CL 0.234
BSV_V 0.240

Average

7.90
42.4
0.130
0.046
0.702
35.2
297
0.229
0.238

7.30
404
0.092
0016
0.196
82
0.44
0.195
0.191

95% Cls

944
445
0.164
0.065
1.301
795
992
0.265
0.287

RSE (%)

106
26
137
26.2
387
58.1
811
79
101

Shrinkage (%)

8.24
16.9

Cl, confidence interval; RSE, relative standard error; Clearance (CL_STD) and distribution volume (V_STD) estimates are standarolized for an adult male with a bodyweight of 70 kg anda
height of 176 cm (FFMsmo = 56.1 kg); RUV_PROP, proportional residual unidentified variability: RUY_ADD, addltive residual unidentified variabilty; Fiat_CL, fat fraction for CL; TMso,
postmenstrual age when busulfan metabolism reaches 50% of adult levels: HILL, hill coefficient for maturation; BSV, between-subject variability, implicated in CL and V.
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Demographic characteristics

Follow-up (months)

Age (years)

Bodyweight (kg)

Busulfan AUC (uM x min)

Sex
Male
Female

Diagnosis
Malignant
Acute myeloid leukemia (AML)
Acute lymphoblastic leukemia (ALL)
Myelodysplastic (MDS)
Myeloproliferative neoplasms (MPN)
Juvenile myelomonocytic leukemia (JMML)
Nonmalignant
Wiskott-Aldrich syndrome (WAS)
Thalassemia
Severe aplastic anemia (SAA)

HLA disparity
Matched
Mismatched

Gell source
Umbilical cord blood
Peripheral blood stem cell

Bone marrow or peripheral blood stem cell and bone marrow combined

Events
Graft failure
Disease relapse
Death

Median (range)/number (%)

24.8 (6.8-32.8)
25 (0.6-16.9)
14.4 (7-63)
1425.4 (691.5-2156.0)

44 (69.8%)
19 (30.2%)

50 (79.4%)
24 (38.1%)
22 (34.9%)
1(1.6%)
1(1.6%)
2(32%)
13 (20.6%)
8 (12.7%)
4(6.3%)
1(1.6%)

5 (7.9%)
58 (92.1%)

31 (49.2%)
12 (19.0%)
20 (31.7%)

2 (3.2%)
8(17.4%)
11 (17.5%)
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Variable

Patient numbers
Age (years) [median (range)]
Bodyweight (kg) [median (range]]
The severity of AA, n (%)

NSAA

SAA

VSAA

Biochemistry tests [median (range)]

White blood cell (10%L)
Ho (g/mi)

Neutrophi (%)

Blood urea nitrogen (mmol/L)
Total protein (g/L)
Abumin (g/L)

AT

AST

Total bilrubin (mol/L)
Direct bilirubin (umol/L)
Serum creatine (umollL)

Concomitant medications, 1 (%)

Testosterone undecanoate
Prednisone
Methylprednisolone
Prednisolone
Dexamethasone

-ATG

Granulooyte colony-stimulating factor

Value

157
7.8(1.5,18.8)
275 (12.0,91.0)

94 (59.9)
40 (25.4)
21 (13.4)

3.97 (0.26, 12.10)
85 (48.2, 150)
34.4(1.1,830)
5.10 (1.10, 16.30)
66.8 (45.5, 86.6)
40.3 (25.8, 48.4)
13.0 (1.0, 209.9)
21.0(8.0,913)
10.90 (4.00, 70.00)
2.50 (0.30, 39.50)
40.0 (16.0, 127.0)

111 (70.7)
24 (15.3)
47 (29.9)
2(1.9)
1(0.6)
47 (29.9)
27 (17.2)

Note: The continuous variables were presented as median (range). NSAA, nonsevere
aplastic anemia; SAA, severe aplastic anemia; VSAA, very severe aplastic anemia; Hb,
hemoglobin; ALT, alanine transaminase; AST, aspartate transaminase; r-ATG, rabbit

anti-thymocyte globufin.
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Drug name

Acetaminophen
Meropenem
Phenobarbital
Cefoperazone sulbactam
Fluconazole
Voriconazole

Ambroxol hydrochioride
Saloutamol sufate
Vancomycin

Ribavirin

Furosernide

lodixanol

Nifedipine
Chiorpheniramine
Cefamandole

Ibuprofen

Ceftizoxime
Omeprazole
Ceftriaxone

Cetirizine

Latamoxef sodium
Sulfamethoxazole

Pharmacological
classification

Antipyretic

Beta-lactam antibiotic
Sedative-hypnotic
Beta-lactam antibiotic
Antifungal drug
Antifungal drug
Expectorant

Asthmatic

Polypeptide antibiotic
Antiviral agent

Diuretic

Contrast agent

Galcium channel blocker
Anthistaminic
Gephalosporin
Antipyretic
Gephalosporin

Mucosal protective agent
Gephalosporin
Antihistaminic
Beta-lactam antiviotic
Sulfonamides and trimethoprim

DIC. drug-induced coaguiopathy: ATC, anatormical therapeutic chemicel.

ATC code Number of

DIC events

(a)
NO2BEO1 750
JO1DHO2 1,000
NO3AA02 535
JO1DD12 1,382
JO2ACO1 1,002
JO2AC03 772
R05CBO6 2,532
RO3AC02 1,220
JOIXAO1 1,781
JOSAPO1 429
CO3CAO1 3,345
VOBABO9 381
(COBCA0S 422
ROBABO4 1,419
J01DCO3 2,365
MO1AEO1 2,832
JO1DDO7 496
A02BCO1 1,206
JO1DD04 529
ROBAEQ7 508
J01DD06 1,851
JO1EEO1 1,010

Total number
of usages
(b)

1,569
2,366
1,196
3,008
2,335
1,800
5,940
3,090
4,599
1,150
9,161
1,072
1,205
4,160
7,066
8,624
1,611
3,704
1,700
1,664
6,192
3917

Ratio (a/b)

0.478
0.461
0.447
0.446
0.429
0.429
0.426
0.395
0.387
0.373
0.365
0.355
0.350
0.341
0.333
0.332
0.328
0.326
0311
0.305
0.299
0.258
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Suspected drugs

Acetaminophen
Meropenem
Phenobarbital
Cefoperazone sulbactam
Fluconazole
Voriconazole

Ambroxol hydrochloride
Salbutamol sulfate
Vancomycin

Furosermide

lodixanol
Chlorpheniramine
Cefamandole

Ibuprofen

Ceftizoxime

Omeprazole

Ceftriaxone

Latamoxef sodium
Sulfamethoxazole

Literature of PubMed/

Embase®

Literature of Chinese
database (CNKI/Wangfang)®

Adults

L XL L L XD L L X XL L L L 22

Children

v

X X X X X< X X X X X X X X X X< X

DIC, drug-induced coaguiopathy; SPCs, summary of product characteristics.
“Literature reviewed: 1) PUBMED: https:/pubmed.ncbi.nim.nih. gov; 2) Embase: hitps:/www.embase.com; 3) Wanfang: hitps://www.wanfangdata.com.cn/index.himi: 4) CNK: https:/

www.cnkinet.

Adults

X <X X L2 XL X X X< L L2 X< 2

Children

X X X X X2 X X X X2 X X X XXX XX

SPCs®

X X X X X < X< X X X X X X< 2 X X<

Signal type®

°SPCs reviewed: 1) Micromedex: hitps://www.ibm.com/watson-healtlearn/micromedex; 2) FDA website: hitps://www.ida.gov/; (3) Drug instructions: hiips://www.yaozh.con/.
°Signal type I: The specific crug-DIC signal had never been reported in the summery of product characterstics or in the literature; I: the specific DIC signal had been reported in the
Rerature about adults, but no raparts about children could be found in the Revature; known: the specific drug-DIC assocition had been reparted.
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Main
parameter

R

K
@ angle
MA

LY30

Definition

The time from initiation to initial fibrin formation, arbitrarily defined as the trace amplitude
of 2mm

The time taken for the amplitude to increase from 2 to 20 mm
‘The angle formed between the midline and the tangent to the main body of the trace

‘The amplitude at the widest point of the trace

The percentage reduction in amplitude 30 min after MA is reached

Coagulation correlation

Clotting factors

Fibrinogen
Fibrinogen

Platelet (~80%)
Fibrinogen (~20%)

Fibrinoly

References
ranges

5-10 min
1-3 min
5372

50-70 mm

0%-8%

Reference ranges according to the manufacturer of TEG-5000, for kaolin-activated citrated and recalcified blood samples.

R, react

n time to clot formati

X, conmlietien ek & snsii sile of Mvsiterice: Mk, st anblitaks of et soenilic Y90, feiasmii: hte 50 sl veaiank.
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TEG variable  T1 T2 3 T4 p value p value p value
T2vs. T1  T3vs. TI T4vs. Tl

R (min) 8.20 (7.10-9.35) 7.85 (7.20-9.23) 7.45 (6.65-9.23) 6.30 (5.20-8.90) 0.757 0.576 0.006

K (min) 240 (1.95-3.00) 220 (1.80-2.53) 2.10 (1.80-2.73) 180 (1.60-2.50) 0017 0.004 0.010

a angle (degrees) 6060 (53.15-6625)  63.50 (58.70-66.33) 6225 (59.60-6633)  65.10 (57.10-69.70)  0.024 0.028 0.005

MA (mm) 5680 (5225-60.60)  57.95 (55.38-61.60)  58.60 (53.58-61.60)  59.90 (56.40-63.00)  0.030 0.025 0.009

LY30 (%) 0.50 (0.10-1.50) 055 (0.00-1.00) 0.25 (0.00-0.80) 0.20 (0.00-0.80) 0.334 0.189 0.021

The values are given as median (25%-75% IQR). The p values are obtained using the Wilcoxon signed-rank test. Boldface type indicates statistical significance.
TEG, thromboclastography; R, reaction time to clot formation; K, coagulation time; a angle, angle of divergence; MA, maximum amplitude of clot strength; LY30, percentage lysis 30 min

post-MA; T1, prior to

ision; T2, cuttis

T A L A —
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Parameter Group T (n

Intraoperative fluids®

Crystalloid (ml) 1490 (1325-1713)
Colloid (ml) 0 (0-200)
Urine output® (ml) 850 (638-1093)
Estimated blood loss® (ml) 100 (100-155)
Hemoglobin level on POD 1° (g/dI) 1055 + 1.31
Delta hemoglobin® (g/dl) (preoperative to POD 1) ~1.84 + 1.39
Platelet count on POD 1* (10°/L) 233.00 (185.00-263.00)
Postoperative thrombotic events* [N (%)] 0(0)
Postoperative seizures‘ [N (%)] 4(95)
Hospital stay after surgery* (days) 8.00 (7.00-1125)

Group C (n

1000 (700-1200)

0 (0-200)

800 (500-1000)

100 (100-150)

1058 £ 132

221+ 167

22600 (186.50-286.50)
0(0)

5(122)

9.00 (7.50-11.00)

p value

0.000
0.643
0.247
0.792
0.921
0.290
0.672
NA
0.969
0.827

“The values are given as median (25%-75% IQR), with groups compared by the Mann-Whitney U-test. Boldface type indicates statistical significance.

“The values are given as mean + SD, with groups compared by the independent-samples -test.
“The values are given as N (%), with groups compared by the continuity correction test.
POD, postoperative day; NA, not applicable.
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Parameter Group T (n = 42) Group C (n = 41) RR (95% CI) p value
[N (%)] N (%)]
Risk of allogeneic transfusion®
Intraoperative 8(19.0) 22 (537) 0.355 (0.179-0.704) 0.001
Total® 13 (31.0) 23 (56.1) 0.552 (0.326-0.934) 0.021
Risk of RBC transfusion®
Intraoperative 6(143) 12 (293) 0.488 (0.202-1.177) 0.098
Total® 11 (262) 15 (36.6) 0.716 (0.374-1.369) 0307
Risk of plasma transfusion®
Intraoperative 300 21(512) 0.139 (0.045-0.432) 0.000
Total® 8(19.0) 22 (53.7) 0.355 (0.179-0.704) 0.001
Total platelets transfusion” 0 (0) 0(0) NA NA
Fibrinogen concentrate infusion® 19 (452) 124 18.548 (2.601-132.243) 0.000

The values are given as N (%),

*Pearson chi-square test used to compare groups. Boldface type indicates statistical significance.
“Total includes intraoperative and postoperative transfusion.

RR, relative risk; Cl, confidence interval; RBC, red blood cells; NA, not applicable.
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Parameter Group T (n = 42)

Age® (years) 6.08 = 265
Height* (cm) 113.80 £ 1601
Weight" (kg) 20.50 (18.75-26.00)
Preoperative anemia“ [N (%)] 14 (33.3)
Preoperative laboratory values
Platelets* (10°/L) 27317 £ 75.65
PT* () 1324 £ 066
APTT" (s) 40.50 (36.55-44.03)
INR* 101 £ 007
Preoperative hypofibrinogenemia“® [N (%)] 15 (35.7)
Hemispherectomies®* [N (%)] 3(7.0)
Surgery duration® (min) 282.60 + 58.70
Anesthesia duration® (min) 39448 + 74.61

Group C (n = 41)

689 = 3.00
12121 + 1846
25.00 (18.75-29.50)
10 (24.4)

295.63 + 84.26
1325 £ 0.76

4120 (36.45-44.40)
101 £ 0,07

13 (31.7)

2(49)

283.07 + 7375
367.32 + 79.01

p value

0.194
0.054
0.179
0.369

0.205
0.970
0.881
0.946
0.699
1.000
0.974
0.111

“The values are given as mean + SD, with groups compared by the independent-samples f-test.

“The values are given as median (25%-75% IQR), with groups compared by the Mann-Whitney U-test.

“The values are given as N (%), with groups compared by the *Pearson chi-square test, or “continuity correction test.
P sisomiiibis et APPT. sctvited vartil Gimbopitiis W TR Tilesaiking oimsaied wtk.
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A=a(D+b(DH*(C-C@)*cM*(C-CM)2+B(I)*(C-CI)3

a (0) = ~4.80830E-005
a (1) = ~6.54051E-005
a (2) = ~2.06495E-005
a (3) = 5.99687E-005
a (4) = 6.59947E-006

b (0) = 0.00000E+000
b (1) = ~246666E-006
b (2) = ~4.74276E-006
b (3) = ~5.91977E-006
b (4) = ~3.24694E-007

€ (0) = 1.77636E+001
(1) = 1.77636E+001
€ (2) = 1.77636E+001
¢ (3) = 1.77636E+001
¢ (4) = 1.77636E+001

d (0) = ~2.08016E-001
d (1) = 9.57422E-002
d (2) = 3.01801E-001
d (3) = 6.39310E-001
d (4) = 119176E+000

Inaccurac)

1.32798E+000.
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Matrix Storage conditions

Cryopreserved human whole blood Room temperature stability
(25C, 24 h)
Freeze-thaw stability
(-80°C, five cycles)
Autosampler stability
(4C,2d 17h)
Long-term stability
(-80°C, 31 d)

Fresh human whole blood Room temperature stability
(25°C, 24 h)
Freeze-thaw stability
(~80°C, five cycles)
Autosampler stability
(#'C,2d17h)
Long-term stability
(-80°C, 31d)

Note: RE, relative error; RSD, relative standard deviation; LQC, 1.50 ng/ml; HQC, 40.0 ng/ml.

LQC
HQC
1QC
HQC
1QcC
HQC
1QC
HQC
Lc
HQC
1QC
HQC
LQc
HQC
1QcC
HQC

RE (%)

-20
05
00
78
107
7.0
133
05
133
95
-100
15
87
32
93
32

RSD (%)

75
11.2
67
30
120
33
65
30
53
87
133
9.6
129
80
06
10.4
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Nominal

Recovery (n = 6)

IS-normalized matrix factor (n = 3 x 6)

conc.

(ng/ml) Cryopreserved human Fresh human whole blood ~ Cryopreserved human whole ~ Fresh human whole blood
whole blood blood
Mean RSD Total Mean RSD Total Mean = RSD Total Mean + RSD Total
(%) (%) RSD (%) (%) RSD SD (%) (%) RSD SD (%) (%) RSD

(%) (%) (%) (%)

150 886 56 47 967 126 94 1122£76 68 42 109031 28 31

150 810 48 807 64 103841 39 1026 £33 32

100 872 61 937 121 1HL1£80 72 1048 £35 33

Note: RSD, relative standard deviation; total RSD, the RSD for three concentration levels; n, number of replicates.





OPS/images/fphar-13-925018/fphar-13-925018-t003.jpg
Matrix Intra-batch (n = 6) Inter-batch (n = 6 x 3)

LLOQ LQC MQC HQC  LLOQ LQC MQC  HQC
QC QC

A P A P A P A P A P A P A P A P

Cryopreserved human whole blood ~ -24 80  -07 128 -27 68 43 77 -40 88 -113 105 13 79 57 85
Fresh human whole blood 18 29 40 6.4 0.0 67 30 90 50 130 20 105 00 73 68 7.3

Note: A, accuracy and data are expressed as relative error (RE, %); P, precision, and data are expressed as the relative standard deviation (RSD, %); n, number of replicates; LLQC, 0.500 ng/
ml; LQGC, 1.50 ng/ml; MQC, 15.0 ng/ml; HQC, 40.0 ng/ml.
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Compound Transitions (m/z) DP (V) EP (V) CE (V) CXP (V)

SRL 9317 — 864.6 240 5.00 23.0 21.0
SRL-d; 934.7 — 864.6 17.0 8.00 26.0 30.0

DP, decluste

okl TV sdimnee Dot OF. sillliien cissin C, collliton ool Gtk Retisid.
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Study

Salm, Taylor et al
(2000)

Zochowska,
Bartlomiejezyk et al.
(2006)

O'Halloran and et
(2008)

Morgan, Brown et al.

(2014)

Shi et al. (2016)

This study

Method

HPLC-MS.

HPLC-UV

Lc-
MS/MS

Lc-
MS/MS

Internal
standard

32:0-desmethoxysirolinus

Desmethosyrapamycin

Desmethosyrapamycin
Sirolimus-d,

C,D everolimus

Sirolimus-d,

Sirolimus-d,

Blood
volume

()
00

1500

15

20

200

100

Sample
preparation

PPT by ACN and
ZnS0,, followed by SPE.

PPT and extracted with

I-chlorobutan

PPTby ACN and ZnSO,

PPT by ACN and
NH,HCO; and ZnSO,

PPT by MeOH and dried

PPT by MeOH

Elution

Isocratic

Isocratic

Gradient

Gradient

NR

Gradient

Column

Novapak C18 column
(150 mm x 2.1 mm, 4 pm)

Supelco RP C16-Amide
column (150 mm x
46 mm, 5 um)

Supelco C18 column
(250 mm x 4.6 mm; 5 ym)

Waters Symmetry
C18 column (50 mm x
21 mm, 35 ym)

NR

Kinetex C18 column
(50 mm x 2.1 mm, 17 pm)

Mobile
phase

80% MeOH, 20% 50 mM
NH,AC, pH 5.1

60% ACN in water

1 mi/L FA and 2 mM
NH,AC in MeOH and
water

2 mM NH,AC and 0.1%
FA in MeOH and water

NR

0.1 mM FA and
005 mM NH,AC in
MeOH and water

1-50

1-49

110Q: 2

0.5-50

Analytica
time
(min)

10

15

25

NR

Abbreviations: HPLC-MS, high-performance liquid chromatography-mass spectrometry; HPLC-UV, high-performance liguid chromatography-ultraviolet; LC-MS/MS, high-performance liguid chromatography-tandem mass spectro

paper spray-tandem mass spectrometry; PP, prot

s S DK i SR TSN Sonhs Wl o i,

n precipitation; ACN, acetonitrle; ZnSO,, zinc sulfate; NH,HCO,, ammonium bicarbonate; MeOH: methanol; SPE, solid-phase extraction; NR, not reported; C18, octadecyl carb
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Included studies Sample size Correct gestational Weight (T/C, Interventions Follow-  Outcome
(T/C, eye) age (T/C, kilogram) up time indicators
week) T c (month)
Xin (2021) 80/80 3431+ 131/34.18 £ 1.35 2.85 % 043/ Ranibizumab  Laser 6 [ole]
284+ 032 therapy
Shi,Y. J. (2018) 104/102 289+ 130/2893 + 1.33 140 £ 020/ Ranibizumab  Laser 1 [ole]
139 + 021 therapy
Chen L. F. (2018) 80/80 3740 + 1.75/36.93 £ 1.84 145 + 020/ Ranibizumab  Laser 1 [ole]
142 + 021 therapy
Sun.M. (2018) 40/40 30.1 £33/307 £ 3.5 153 £ 051/ Ranibizumab  Laser 1 oe]
151 £ 0.40 therapy
Stahl (2019) 292/136 - - Ranibizumab ~ Laser 6 [le]
therapy

Ranibizumab grou

T ——
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24

48

Oseltamivir treated
Oseltamivir non-treated
Oseltamivir treated
Oseltamivir non-treated

Influenza A

27.27% (60)
22.00% (1)
71.36% (60 + 97)
64.00% (11 + 21)

Influenza B

30.77% (44)
26.42% (14)
69.23% (44 + 55)
56.60% (14 + 16)

Influenza A + B

32.43% (12)
20.00% (1)
72.97% (12 + 15)
60.00% (1 +2)

IV-Negative

30.00% (6)
29.22% (90)
70.00% (6 + 8)
62.66% (90 + 103)
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Influenza A

Oseltamivir treated

Total 7.89% (21)
Nausea 4.14% (1)
Bellyache 2.63% (7)
Others 1.13% (3)
Oseltamivir non-treated

Total 8.47% (5)
Nausea 5.08% (3)
Belyache 3.39% (2)
Others 0

Other side effects including dizziness, nosebleed, stomachache and poor appetite. Data are percentage (No. of patients).

Influenza B

11.05% (19)
6.97% (12)
3.49% (6)
0.58% (1)

10.00% (6)
3.33% (2)
3.33% (2)
3.33% (2)

Influenza A + B

15.56% (7)
13.33% (6)
0
2.22% (1)

cocoo

IV-Negative

17.39% (4)

8.70% (2)

8.70% (2)
0

0.82% (3)
0.27% (1)
0.27% (1)
0.27% (1)
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Influenza A

Total No. of patients 325
Gender No. of male 184
No. of female 140
Age (years, Mean + SD) 450 £ 257
Time untiltreatment (hours, Mean + SD) 62.28 + 42.05
Temperature Peak body temperature (C, Mean +SD)  39.63 = 0.70
Peak body temperature over the past 24 h 3937 = 0.83
Routine peripheral blood examination  WBC (*10%L) 698375
N% 58.89 = 18.66
HB (L) 122.95 £ 1074
BPC (10°1) 195.15 + 76.67

Note: The genders of one child in influerza A and four children in M-negative were off record. -: not applicable.

Influenza B Influenza A
+B
232 51
120 35
112 16

5.45 + 2.66 4.16 +3.14
61.7936.15  61.71 £ 40.95
39.38 + 0.60 39.63 + 0.66
39.16 + 0.68 39.37 + 0.86
6.62 + 324 712274
56.52 £ 1542  55.67 + 17.56
125.66 + 10.28 12169+ 11.41
194.07 + 57.93 212,60 + 79.92

IV-Negative

390
208
178
4.80 +2.77
65.92 £ 50.25
39.34 + 0.68
39.08 + 0.79
7.90 +5.20
56.49 £ 17.28
126.05 + 10.56
205.70 + 76.24

p Value

0.142

0.0002
0.6714
0.0000
0.0000
0.0023
0.2410
0.0163
0.1135
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Total febrite period Oseftamivir treated
Oseltamivir non-
treated
p value

Duration of fever from onset of Oseltamivir treated
treatment Oseltamivir non-
treated
p value

Note: Data are Mean h + SD (No. of patients)-: not applicable.

Influenza A
110.29 + 48.84 (220)
113.28 + 4130 (50)

0.6885

47.89 + 26.34 (220)
48.96 + 22.49 (50)

0.7904

Influenza B
108.06 +38.67 (143)
117.74 £ 47.61 (53)

0.1462

47.33 + 23.91 (143)
52.53 + 27.60 (53)

0.1966

Influenza A
+B

101.84 + 37.60(37)
91.20 + 38.40 (5)

0.6568

44.11 £ 22,67 (37)
43.20 + 17.96 (5)

0.9320

IV-Negative
118.80 + 51.74 (20)
114.97 £ 55.21 (308)

0.7631

44.40 = 24.33 (20)
49.48 = 30.45 (308)

0.4655

p Value

0.5453
0.7499

0.8069
0.8502
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Total febrile period <48h

>48h

Duration of fever from onset of <48 h
treatment

>48h

Osettamivir treated
Ossftamivir non-
treated

p value
Oseltamivi treated
Oseftamivir non-
treated

p value

Oseftamivi treated
Osettamivir non-
treated

p value
Osetamivi treated
Osetamivir non-
treated

p value

Data are Mean h + SD (No. of patients).-: not applicable.

Influenza A

86.18 + 24.94 (127)
93.68 = 18.65 (31)

0.1186
14323  54.01 (93)
145.26 + 47.67 (19)

0.8794

50.65 + 22.18 (127)
56.52 + 15.60 (31)

0.1664
44.13 £ 30.71 (93)
36.63 + 26.25 (19)

0.3233

Influenza B

85.16 + 28.27 (80)
91.71 £ 24.89 (28)

0.2796
137.14 £ 29.45 (63)
146.88 + 50.03 (25)

0.3706

50.70 + 24.88 (80)
52290 + 24.89 (28)

0.7716
43.05 = 21.87 (63)
52.80  30.36 (25)

0.0964

Influenza A
+B

85.44 + 19.30 (25)
78.00 £ 31.17 (4)

05153
136.00 + 43.08 (12)
-

46,08 + 19.10 (25)
42.00 £ 19.90 (4)

06961
40.00 + 28.28 (12)
-

IV-Negative

81.60 + 30.74 (10)
86.62 + 34.42 (178)

0.6525
156.00 + 40.52 (10)
153.78 + 54.70 (130)

0.9003

4560 = 25.06 (10)
52.04  32.43 (178)

05379
4320 2352 (10)
45.97 + 27.13 (130)

0.7542

Value

0.9547
0.5529

0.5911
0.7134

0.7356
0.7772

0.9668
0.1560
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Nausea/Vormiting
Pain in RIF

Abdominal Defense (Low/Mild/Severe)

Temperature >38.5°C

Neutrophilia (70-84%/>85%)

Leukocytes (10.0-14.9 x 109//>15.0 x 109//>11 x 109/)
CRP (10-49 g/V/>50 g//>20 mg/l)

US demonstrating APP

Rebound tenderness

Anorexia

Diarrhea

Periappendiceal free fluid on image

Continuous pain

Cough/Percussion/Hopping tendemess

Migration of pain

Positive score

PAS

8/10

ASS

[SEN)

415

AR

1/2/3
12

2
12

912

HAS

3/4

Mod HAS

35

RIF, right llac Fossa; CRP, C-reactive protein; US demonstrating appendcitis comprises the appendix diameter > 6 mm and/or signs of inflammation such as wall edema, hyperemia, and

surrounding inflammation; US, ultrasound: APP, appendic
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Suspect drug Exposed group Unexposed group Adjusted Or
p-value* (95% CI)
Number of Number of cases ~ Number of Number of cases
cases without DIKI cases without DIKI
with DIKI events with DIKI events
events events
Diazepam 571 2,363 1,558 10,178 347 x 107 161
(1.43, 1.80)
Vitamin K1 214 1111 808 4,492 054 1.06
(0.89,127)
Cefamandole 436 1873 1,627 7,609 040 1.07
(094, 1.21)
Omeprazole 391 2,203 1,402 8,974 446 x 10 135
(117, 1.54)
Ondansetron 779 5,530 2,875 22,361 195 x 107 149
(1.36, 1.63)
Ibuprofen 1,168 9,796 3,367 30,106 077 1.01
(0.94, 1.09)
Methotrexate 1027 7,646 3,640 31,052 117 x 107 1.36
(1.25, 147)
Creatine phosphate 1271 11,248 2,931 24,636 294 % 10° 113
sodium (1.0, 1.22)
Cytarabine 773 7,001 2,981 28,115 1.76 x 107 117
(106, 1.28)

T e
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Drug name Pharmacological ATC code Number of Total number Ratio (a/b)
classification DIKI events of drug
(a) usages (b)
Diazepam Sedative-hypnotic drugs NO5BAO1 889 4016 022
Vitamin K1 Vitamins BO2BAO1 538 2,661 020
Cefamandole Cephalosporins J01DCO3 1,028 5212 020
Omeprazole Mucosal protective agents A02BCO1 792 4817 016
Ondansetron Antiemetics AD4AA0L 836 6,501 013
Ibuprofen Antipyretics MOIAEOL 2313 18,990 012
Methotrexate Antineoplastic agents LO4AX03 1,066 9377 011
Creatine phosphate sodium Cardioprotective drugs NA 2,875 25485 011
Cytarabine Antineoplastic agents LO1BCO1 881 8343 011

Abbreviations: DIKI: drug-induced kidney inju

IO Ghitel S S SR
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Median (range) Number

Patients 51
Male/female 31720
GA (weeks) 35.7 (30.0-41.1)
PNA (days) 1.0 (10-3.0)
PMA (weeks) 35.9 (30.1-41.3)
BW (g) 2310 (1220-3970)
CW () 2310 (1220-3970)
Commencing antibiotics treatment evaluation
Patients with one ‘high risk factor’ and 20 ‘low risk factor’ 8
Patients with 0 ‘high risk factor’ and >2 ‘low risk factor’ 43

Maternal factors

Prelabour rupture of membranes 4
Preterm birth following spontaneous labour (before 37 weeks’ gestation) 6
Suspected or confirmed rupture of membranes for more than 18 h in a preterm birth 18
Intrapartum fever higher than 38°C, or confirmed or suspected chorioamnionitis 3
Parenteral antibiotic treatment given to the woman for confirmed or suspected invasive bacterial infection (such as septicaemia) 1

at any time during labour, or in the 24-h periods before and after the birth [This does not refer to intrapartum antibiotic

prophylaxis]

Clinical indicators
Altered behaviour or responsiveness 34
Altered muscle tone (for example, floppiness) 2
Feeding difficulties (for example, feed refusal) 3
Feed intolerance, including vomiting, excessive gastric aspirates and abdominal distension 1
Signs of respiratory distress 29
Hypoxia (for example, central cyanosis or reduced oxygen saturation level) 25
Jaundice within 24 h of birth 3
Seizures 1
Need for mechanical ventilation in a preterm baby 15
Need for mechanical ventilation in a term baby 16
Unexplained excessive bleeding, thrombocytopenia, or abnormal coagulation (International Normalised Ratio greater than 2.0) 5
Altered glucose homeostasis (hypoglycaemia or hyperglycaemia) 4
Local signs of infection (for example, affecting the skin or eye) 10

GA, gestational age; PNA, postnatal age; BW, birth weight; CW, current weight.
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Gene

-actin
GnRH
GnRHR
Kiss1
GPR54
ERa
IGF-1
IGF-1R

Forward primer (5'~3')

ACTCTTCCAGCCTTCCTTC
GGGAAGACATCAGTGTCCCAG
TGCAGGACCACAGAACTACAG
GATGTCTGCAGCCTGAGTCCC
CTGTCAGCCTCAGCATCTGG
AAGACGCTCTTGAACCAGCA
AAGGCAGTTTACCCAGGCTC
TACCAGCATTAACTCCGCTG

Reverse primer (3'—5))

ATCTCCTTCTGCATCCTGTC
CTCGAGCTTCCGTTGGTAGG
GTCCAGCAGACGACAAAGGA
AGGCATTAACGAGTTCCTGGG
AGCAGCGGCAGCAGATATAG
CGAGTTACAGACTGGCTCCC
GGCOGAGGTGAACACAAAAC
GCTCGCCTCTCTCGAGTTC

GRH, gonadotropin-releasing homone; GRHR, gonadbotropin-releasing hormone

receptor; Kiss1, Kiss-1 metastasis-suppressor; GPR54, G-protein coupled receptor 54;
ER, estrogen receptor a; IGF-1, insulin-lke growth factor-1; 1GF-1R, insulin-like growth
factor-1 receptor.
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marker Value

sCD40L >301.00 pg/ml
Plasma Fibrinogen >520 mg/di
CRP >50 mg/L/ > 30 mg/L
PCT >0.18 ng/m
Biirubin >21.38 mollL
SB7H3 >36.146 ng/ml
Serum natrium <135 mmol/L
Urine RBC counts =2.0/hpf
Urine WBC counts >4.0/hpf
Percentage lymphocyte count <14.8%
WBC >13,500/mm°
Percentage neutrophil counts >74%
NLR >88

G% >35%

CRP, C-reactive protein; PCT, procalcitonin; RBC, red biood cell; WBC, white blood cell
NLR. neutrophi-to-lymphocyte ratio; IG, immature granuiocyte.
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Chinese name

Xia Ku Cao
Cu Bie Jia

Long Dan

Ju Hua

Di Gu Pi

Ze Xie

Xuan Shen

Mu Dan Pi
Sheng Di Huang
Mai Ya

Mu Li

Kun Bu

Scientific name

Prunella vulgaris L

Carapax Trionycis

Gentiana scabra Bunge
Chrysanthemum morifolum (Ramat) Hems!
Lycium chinense Mill

Alisma plantago-aquatica L
Scroophularia ningpoensis Hems!
Paeonia suffiuticosa Andrews
Rehmannia glutinosa (Gaertn) DG
Hordeum vulgare L.

Concha oetreae

Thalluslaminariae

Family

Lamiaeae
Trionyxsinensis Wiegmann
Gentianaceae
Compositae
Solanaceae
Alsmataceae
Scrophulariaceae
Paeoniaceae
Plantaginaceae
Triticum

Ostrea

Laminaria

Lot no

20201010
20201018
20200927
20201027
20201105
20201126
20201019
20201123
20201104
20201030
20200917
20200922

Place of
origin

Jiangsu, China
Hubei, China
Yunnan, China
Anhui, China
Hebei, China
Fujian, China
Zhejiang, China
Anhui, China
Henan, China
Hebei, China
Guangdong, China
Fujian, China

Parts of
plant used

Driod orial parts
Carapace

Dried roots and rhizomes
Capitulum
Dried root bark
Dried tuber
Dried root tuber
Dried root bark
Dried root tuber
Dried ripe fruit
Shell

Dried lobes
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Time (month)

Baseline
1

3

6

12

2

1IE

36 (100%)
6(16.7%)
1(3.8%)
NA
NA
NA

SFR

0
2(5.6%)
1(3.8%)

NA
NA
NA

SF

0
28(77.7%)
24/(923%)
10 (100%)
4(100%)
NA

IE, ineffectiveness, .¢., patients with <50% reduction in seizure frequency on unchanged

medication; SFR, s

zare frequency reduction, i.c., patients

ith 50% or more reduction

of baseline seizure frequency on unchanged medications SF, seizure-freedom, i, absence

of seis

ares on unchanged medicati

NA, not available.
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Time (month)

Baseline
1

3

6

12

2

IE

34(85%)

12(30.8%)
13(37.1%)

9 (30%)
4(19%)
3(33.3%)

SFR

6(15%)
6(154%)
4 (11.4%)

6(20%)

4(19%)
4 (44.4%)

SF

0
21 (53.8%)
18 (51.4%)
15 (50%)
13 (62%)
2(222%)

IE, ineffectiveness, .¢., patients with <50% reduction in seizure frequency on unchanged

medication; SFR, s

zure frequency reduction, i.c., patients with 50% or more reduction

of baseline seizure frequency on unchanged medications SF, seizure-freedom, i, absence

of seis

ares on unchanged medicati
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Characteristics Value

Age (year)

Mean £ SD 79+£35

Range 13-17.3

Sex

M 52

F 2

Weight (kg)

Range 10-75
‘ype of seizures, n (%)

Focal seizures 75 (98.7%)

Unknown 1(13%)

Dose (mg/kg)

Mean £ SD 6319

Range 2.0-113

Number of previous ASMs

Median 1

IQR 2

Number of ASMs when LCM initiated, n (%)

0 36 (47.4%)

1 21 (27.6%)

2 15.(19.7%)

3 3(3.9%)

4 1(13%)

Concomitant ASMs, 1 (%)

vPA 24 (31.6%)
LEV 15.(19.7%)
OXC 11 (14.5%)
PER 6(7.9%)
LMT 5(65%)
czp 3(3.9%)
TPM 1(13%)

M, male; F, female;
LE'
clonazepam;

, lacosamide; VPA, valproic aci
; PER, perampanel; L

} levetiracetam; OXC, oxcarbazepi
“TPM, topiramate.

, lamotrigine; C;
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Response Meropenem T. ¢ (hour) P Meropenem T.pqc (hour) P
25.6h (n=4) <5.6h (n=14) 25.6h (n = 10) <5.6h (n = 25)
Total patients, Bacterial meningitis Spesis and severe pneumonia
n (%)
Improvement
Meropenem treatment after first 48-72h 3 (75.00) 5(35.71) 0163 8 (80.00) 9 (36.00) 0.019
Meropenem treatment completed 4 (100.00) 7 (50.00) 007 9 (90.00) 18 (72.00) 0252
Fever, patients n (%)
Improvement
Meropenem treatment after first 48-72 h 4 (100.00) 5(35.71) 0.023 9 (90.00) 13 (52.00) 0.036
Meropenem treatment completed 4 (100.00) 7 (50.00) 007 9 (90.00) 16 (64.00) 0124
WBC, patients 1 (%)
Meropenem treatment after first 48-72 h 3 (75.00) 9 (64.29) 0688 7 (70.00) 18 (72.00) 0.906
Meropenem treatment completed 4 (100.00)" 8 (57.14)° 0.109 9 (90.00)° 14 (56.00) 0.056
CRP, patients 7 (%)
Meropenem treatment after first 48-72 h 4 (100.00) 8 (57.14) 0109 9 (90.00) 18 (72.00) 0252
Meropenem treatment completed 4 (100.00)* 8 (57.14) 0109 9(90.00" 15 (60.00)* 0.084

* White blood cell (WBC) count decreased under 10 x 107

and children with fTyuc < 5.6 h.

The bold and Italics indicated that the p value was less than 0.05. The difference was statistically between children with fT>MIC > 5.6 h and children with fT>MIC < 5.6 h.

reactive protein (CRP) decreased under 10 mg/L; p represents statistical significance between children with fT-yic 2 5.6 h
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Response

Total patients, n (%)
Improvement
Meropenem treatment after first 48-72 h
Meropenem treatment completed
Failure
Meropenem treatment after first 48-72 h
Meropenem treatment completed
Fever, patients n (%)
Improvement
Meropenem treatment after first 48-72 h
Meropenem treatment completed
Failure
Meropenem treatment after first 48-72 h
Meropenem treatment completed
WBC, patients 1 (%)
Meropenem treatment after first 48-72 h
Meropenem treatment completed
CRP, patients 1 (%)
Meropenem treatment after first 48-72 h

Meropenem treatment completed

Meropenem T. ¢ (hour)

25.6h (n=14)

11 (7857)
3 (92.86)

3(2143)
1(7.14)
13 (92.86)

13 (92.86)

1(7.14)
1(7.14)

10 (71.43)
3 (92.86)"

13 (92.86)
3 (92.86)"

<5.6h (n = 39)

14 (35.90)
5 (64.10)

25 (64.10)
14 (35.90)
18 (46.15)

23 (58.97)

1 (53.85)
16 (41.03)

27 (69.23)
2 (56.41)°

26 (66.67)
3 (58.97)*

0.002
0.02

0.002
0.02

0.878
0.014

0.057
0.02

* White blood cell (WBC) count decreased under 10 x 10%/L; * C-reactive protein (CRP) decreased under 10 mg/L; p represents statistical significance between children with fT. e 56 h

and children with fT.yuc < 5.6 h.

The bold and Italics indicated that the p value was less than 0.05. The difference was statistically between children with fT>MIC > 5.6 h and children with fT>MIC < 5.6 h.
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Variable

Demographic data
Age (months), mean (SD)
Boys, n (%)
Weight (kg), mean (SD)
Creatinine clearance (ml/min/1.73 m?), mean (SD)
Severe infectious diseases 1 (%)
Sepsis
Bacterial meningitis
Severe pneumonia
Pathogens, n (%)
Klebsiella pneumoniae
Staphylococeus aureus
Listeria monocytogenes
Pseudomonas aeruginosa
Streptococcus pneumoniae
Escherichia coli
Haemophilus influenzae
Acinetobacter baumannii
Viridans streptococci
Streptococcus constellatus
No pathogens found
Duration of antibiotic treatment (days), mean (SD)

Duration of hospitalization (days), mean (SD)

Meropenem T.pqc (hour)

25.6h (n = 14)

14 (24)

10 (71.43)
8.97 (5.15)
129.56 (75.66)

8 (57.14)
4(2857)
2 (1429)

0 (0.00)
1(7.14)

0 (0.00)
2(14.29)
1(7.14)
1(7.14)

0 (0.00)
1(7.14)
1(7.14)

0 (0.00)

8 (57.14)
1179 (7.24)
15.64 (10.35)

<5.6h (n = 39)

30 (41)

21 (53.85)
14.00 (12.26)
177.26 (6.09)

16 (41.03)
14 (35.90)
9(23.08)

3(7.69)
2(513)
1(2.:56)
0/(0.00)
1(2.:56)

0 (0.00)
1(2.:56)
0(0.00)

0 (0.00)
1(2.56)

30 (76.92)
13.18 (7.82)
19.74 (16.01)

0.194
0252
0.151
0.03

0.299
0.620
0.487

057
0378

The bold and Italics indicated that the p value was less than 0.05. The difference was statistically between children with fT>MIC > 5.6 h and children with fT>MIC < 5.6 h.
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17 Moriyama 2017  Prospective 6MP 50 mgm2/d > — NUDTIS DNA-TG WBC  781-10540 (fmol TG/ For NUDTI5-deficient patients,
55 patients, 13 weeks 18 DNA) the ratio of DNA-TG to TGN
pediatric, Asian was dramatially raised; To

judge the adjustments of

NUDTI5 genotype-guided dose,
compared to TGN, DNA-TGisa
more pertinent MP metaby

TGN REC  046-3155 (pmolld x
108 REC)

18 Nidn2017  Prospectve 6MP7Smgmad  Methotrexate Steoids — DNATG  WBC  phase 1:23-1591 phase 2 DNA-TGN concentrston was
1266 patients,  TPMT heterooygous:  Vincristine 4-155 (fnol TG/ found to have signfcant
pedisric, 50 mg/m2/d TPMT- g DNA) cortlation vith rlapse-free
European defcent: 10 mgim2/ survival elevated concentrstions

4> 37 weeks of DNA-TGN indicated raised
rlapsefre survival

15 Gebek2018  Prospectve GMPTPMIWE:  Methotrexate Steroids TPMTIIPA  6-TGN REC 178305 (ol When wild-ype patints were
152 patients, 75 mg/m2/24 h Vincrisine mmol Hb) used as the bseline,in low-
pediatric activity patints it as found
Buropean their median DNA-TG levels

were highe in TPMT and ITPA.
SMMPN 978722233 (mol/
mimol Hb)
DNATG  WBC  272-456 (fmol TG/
4§ DNA)

0 Choizois Retospective 6-MP 50 mg/m2id > Methotrexate Steroids  TPMT sTGN RBC  30L1-5552 (pmol/d x The levels of thiopurine
139 patents, ¥ month Vinistne Cytarabine  NUDTIS ITPA 108 RBO) metabolites (6-TGN and 6-
Peduatric, Asian Hydrocorisone MRP4 MMPN) were signiicantly

associated with 6-MP dosage
2z Prospectve 6MPSOmgm2id>  — NUDTISTPMI DNA-TG ~ WBC L0031 (GnolTG/  During the time when patiens
71 patients, 2 weeks g DNA) suffered from the leukopenia
pedistric, Asian episode, the DNA-TGN
concentrations varied between
278 and 5458 finol TG/ug DNA.

2 Laen2a  Prospectve pav Methotresate Seroids DNATG  WBC  31-2888 (imol TG/ A dependable profile of DNA-
52 patients, Vincristine g DNA) TG levels could be offred by
pediarc, measuring DNA-TG at
Buropean 2-4 week intervals

5 Lasen22  Prospectve SMPi6- Methotrexate = DNATG  WEC 764 (mean) (fmol TG/ Itis a novel and practicable
34 patients, TG >10 veeks 4g DNA) method to add incremental
pedistic and adult doses of 6-hioguanine to
Earopean methotresate-

mercaptopurine, maintenance
therapy, which can enhance the
therupy, and consequently boost
greater DNA-TG with no extra
toxicty induced

% Nidn202l  Retospective  6MPTPMT Methotrexate Steroids DNATG  WEC  wildype TPMT heterozygous patints
918 patients,  heterozygous: SO mg/  Vincristine 4927 heterozygous: 7609 had higher DNA-TG levels
pedinrc, m2d Asparaginase (fmol TGlyg DNA)

European

%5 Rona22l  Crossecional  6MPS0mgm2/d>  Methotresate Steroids  TPMT GMMPN  REC 35316701 (pmolSx  6-MMPN plasma
106 patients, 1 month Vincisine 108 RBC) concentratons and 6-MMPN/6-
pediatric, Asian TGN ratio were found to be

linked with the occurrence of
hematotoxicty
TGN 6-23404 (pmols x
108 REC)

26 Toksvng202l  Prospecive 6MP7Smymad  Methotrexate PegASP  TPMT GMVPN  REC  0-103323 (amol By determining and judging
1234 patients,  TMPT heterozygouss  Steroids mimol Hb) 6 MP and MTX metabolits, the
pedistricand 50 mgim2/d intensiy of maintenance therapy
adalt, Buropean could b ascertained, and it had

no relatonship with the danger
of geting oseonecrosis
TGN 0-5.966 (amalimmol Hb)
DNATG  WBC  30-5610 (ol TG/
4 DNA)

27 Fan, 2022 '::;'2‘:;;:‘ 6MP 50 mg/m2/d > Methotrexate e rismpA  DNATG WEC 2465+ 2678 (fmol TG/ A sigificantly higher DNA-TG

et ian 6 months R g DNA) todose ratio wasindicated n the

patients who experienced one or
‘more leukopenia episodes

ADR, adverse drug reaction; PegASP, Pegylated-asparaginase; GI, symptoms: gastrointestinal symptoms; VOD, ver
TPMT, thiopurine S-methyl transferase; NUDT15, Nudix hydrolase 15; 6 TGN, 6-thioguanine nucleotides; 6-MMP!
B M

-occlusive discase; SR, standard rik; IR, intermediate risks W, wild-type: HT, carier of one variant alele; 6-MP,
ethyl-thiolMP; DNA-TG, DNA-incorporated thioguanines ITPA, inosine triphosphate pyrophosphatase; RBC, red
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ITPA 151127354 (C > A/G) 446% 4.18% 16.87% 7.06% 12.17%
157270101 (A > C) 7.11% 821% 12.92% 1.53%.
MRP4 153765534 (C > T) 0.08% 274% 7.64% 089% 5.11%
152274407 (C > A/G/T) 2095% 620% 18.45% 8.05% 17.08%

Dt from PharmGEE thetned fwwwahmmpkhars).
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TPMT 1 92.34% 98.14% 97.96%  95.31% NM 85.27% 96.31% 95.97%  90.84%

2 053% 0.02% 001%  021% M 6.89% 341% 334%  842%
3A 0.80% 0.42% 003%  343% PIM 0.29% 0.00% 001%  0.02%
3B 0.00% 0.17% 000%  027% PM 0.14% 0.03% 003%  0.20%
3C 240% 1.12% 164%  047% Indeterminate  7.41% 024% 065%  0.53%

NUDTI5  *1 99.69% 93.00% 87.90%  99.31% NM 99.38% 86.49% 77.26%  0.53%
2 0.00% 14.3% 350%  0.00% ™M 0.27% 1255% 1679%  8.42%
=) 0.10% 670% 605%  020% PIM 0.00% 0.03% 049%  90.84%
3 0.03% 0.00% 0.09%  0.00% PM 0.00% 0.46% 091%  020%
5 0.00% 0.04% L11%  0.00% Indeterminate  0.35% 0.46% 455%  0.02%
6 0.15% 020% 130%  0.30%

NM: Normal metabolizer; IM: Intermediate metabolizer; PIM: Possible intermediate metabolizer; PM: Poor metabolizer.
Diata from MarmGER (hktpedFavw.phatmghhiocs) and study of Baneries 1 and cilleagues [Basieciee o al. 2000),
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Drugs

APAP
Ibuprofen
Aspirin
Diclofenac
Celecoxib

475
847
173
202
179

ROR
(95% two-sided CI)

4,65 (4.25,5.09)
7.06 (6.59,7.56)
275 (2.37.3.2)
254 (2.21,2.92)
254 (2.19,2.94)

PRR
)

4.62(1324.31)
6.98 (4201.14)
274 (190.68)
253 (186.26)
253 (165.11)

ic
(1c025)

2.19(2.00)
2.76/(2.58)
1.45 (1.25)
1.33(1.16)
1.33(1.15)

EBGM
(EBGMOS)

455 (4.22)
6.78(6.40)
2.73(2.41)
252 (2.24)
252(2.29)

NSAIDS, non-steroidal anti-inflammatory drugs; APAP, acetaminophen; ROR, reporting odds ratio; Cl, confidence interval; PRR, proportional reporting ratio; x?, chi-squared; IC,
information component; EBGM, empirical Bayesian geometric mean.
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Characteristics

Patient age (year)
<18

18-44

45-64

65-74

75-84

>84

Unknown

Patient gender

Female

Male

Unknown

Area

Africa

Asia

Europe

Oceania

North America

South America

Unknown

Reporters

Consurner

Lawyer

Pharmacist

Physician

Other health-professional
Unknown

‘Outcome event

Congenital anomaly

Death

Disabiity

Hospitalization-initial or prolonged
Life-threatening

Other serious (Important medical event)
Required intervention to prevent permanent impairment/Damage

Acetaminophen

130 (27.87)
120 (25.26)
48(10.11)
24 (5.05)
34(7.16)
5(1.05)
114 (24.00)

172 36.21)
178 (37.47)
125 (26.32)

16 (3.37)
168 (35.37)
199 (41.89)

2(0.42)
67 (14.11)

3(0.69)

20(4.21)

24(5.05)
1021)
14.(2.95)
147 (30.95)
235 (49.47)
54(11.37)

0(0.00
46(9.79)
17 (359)

320 (67.65)

92 (19.46)

235 (49.68)
0(0.00

Ibuprofen

337 (39.69)
218 (25.68)
39 (4.59)
19 2.24)
30(3.59)
8(0.94)
198 (23.32)

427 (50.29)
291 (34.28)
181 (15.43)

4(0.47)
70(8.24)
398 (46.89)
17 (2.00)
308 (36.28)
22(2.59)
30(3.53)

113(13.31)
45 (6.30)
39(4.59)

214 (25.21)

288 (33.92)

150 (17.67)

0(0.00)
58(6.87)
748.77)

669 (79.27)

234 (27.78)

420 (49.76)
16 (1.90)

Reports (N, %)

Aspirin

21 (12.07)
30 (17.24)
31(17.82)
27 (15.52)
41(23.56)
10 (5.75)
14 (8.05)

102 (58.62)
66 (37.93)
6(3.45)

7(4.02)

60 (34.48)

84 (48.28)
1(057)
11(6.32)
0(0.00)
11(6.32)

29(16.67)
0(0.00)
4(2.30)

52(20.89)

74 (42.53)
15 (8.62)

0(0.00)
34(19.65)
3(1.79)
84(48.55)
50(28.9)
59(34.1)
0(0.00)

Diclofenac

12 (6.94)
52(26.74)
60 (29.70)
30 (14.85)

10 (4.95)

11(5.45)
27 (13.87)

106 (52.48)
86 (42.57)
10 (4.95)

2(099)
87 (43.07)
61(30.20)
0(0.00)
24(11.88)
2(0.99)
26 (12.87)

21 (10.40)
1(0.50)
6(2.97)

40 (19.80)

91 (45.05)

43 (21.29)

0(0.00)
50 (26.00)
7(850)
117 (88.50)
47 (28.50)
120 (60.00)
1(0.50)

Celecoxib

0(0.00)
15 (8.38)
40 (22.35)
12/(6.70)
14 (7.82)
3(1.68)
95 (53.07)

111 (62.01)
50 (27.99)
18(10.06)

0(0.00)
11(6.15)
6(3.35)
4229

137 (76.54)
2(1.12)

19 (1061)

21(11.73)
52 (29.06)
4(2.29)
49 (27.37)
17 (9.50)
36(20.11)

1(0.56)
21 (11.80)
19(10.67)
84(47.19)
18(10.11)
147 82.58)
5(2.81)

NSAIDs, non-steroidal anti-inflammatory drugs; FAERS, FDA Adverse Event Reporting System.
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Ketoconazole Miconazole ~Clotrimazole Fluconazole Voriconazole ltraconazole Isavuconazole Posaconazole Caspofungin  Micafur

Congenital Anomaly 0(0.00) 1(2.22) 00.00) 00.00) 00.00) 20.48) 0(0.00) 0(0.00) 00.00) 000X
Death 17(9.60) 6(13.33) 00.00) 100(1828)  19622.17)  75(17.99) 9(20.93) 38(2032) 87(3640)  85(47.2
Disabilty 3(1.69) 1(2.22) 00.00) 10(1.83) 24(2.71) 9(2.16) 000.00) 7(8.74) 8(3.35) 95,01
Hospitalization - Inital or 67(37.85) 24(53.33) 6(66.67) 202(53.38)  322(36.43)  157(37.65) 17(39.53) 88(47.06) 123(51.46)  57(31.¢
Prolonged

Life-Threatening 11(6.21) 36.67) 00.00) 5109.32) 860.73) 22(5.28) 0(0.00) 23(12.30) 4101715 B1(17.3
Other Serious 17(66.10)  28(62.22) 707.78) 327(50.78)  638(72.17)  265(63.55) 39(90.70) 13207059  126(272)  101(56.
Reaired Intervention to 3(1.69) 00.00) 00.00) 40.73) 6(0.68) 20.48) 00.00) 201,07 1(042) 0.0

Prevent Permanent
impairment/Damage
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Algorithms Equation* Criteria
ROR ROR = (a/b)/(c/d) 95%Cl>1,N>2
95%C] = eRORE191/a+1/b+1/+1/d1'0S
PRR PRR = (a/fa+o))/(b/fo+d) PRR=2x?=4,N>3
X2 = E(O-EP/B); (O=a, E = (a+b)a+cMa+b+o+d)
BCPNN 1C = logzala-+b-+c+d)((a+0)la+b) 10025 > 0
1CO25 = gMOI-1.96(1/a+1/o+1/c+1/ 05
MGPS EBGM = ala+b+c-+d/((a+c)a+b) £805>2,N>0

EBO5 = eNEBGM-1.64(1/a+1/041/0+1/9/'05

“a: number of reports containing both the suspect g and the suspect adverse drug reaction. b: number of reports containing the suspect adverse drug reaction with other medications
(except the diug of interest). c: number of reports containing the suspect dug with other adverse drug reactions (except the event of interes). d: number of reports containing other
medications and other adverse dug reactions. ROR, reporting odds ratio; Cl, confidence interval; N, the number of co-occurrences; PRR, proportional reporting ratio; x2, chi-squared;
BCPNN, Bayesian confidence propagation neural network; IC, information component; IC025, the lower limit of the 95% two-sided CI of the IC; MGPS, mult-tem gamma Poisson
shrinker; EBGM, empirical Bayesian geometric mean; EBOS, the lower 90% one-sided CI of EBGM.
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Drugs

Ketoconazole
Miconazole
Clotrimazole
Fluconazole
Voriconazole
itraconazole
Isavuconazole
Posaconazole
Caspofungin
Micafungin

Aridulafungin

ROR, reporting odds ratio; Cl, confidence interval; PR, proportional reporting ratio; i,
chi-squared IC, information component; EBGM, empirical Bayesian geometric mean;

188

48

10

570

955

427

48

216

256

186

39

ROR PRR ic EBGM
(95% Two- %) (1C025)  (EBGMOS)
sided CI)
228(1.95, 221(127.22° 114 221(195)
264y 099"
030 031(77.37)  -1.710 031 (0.24)
(0:23,0.40)
016 016(44.96) 2640  0.16(0.10
(0.08,0.29)
319(293, 303 (79368° 160  3.03 (282
3.47) (147
458 (429, 422 (240098 208  422(399)
4.901 (194
506 (458, 462 (1287.60) 221  461(4.24)
5.60)" (199
1.22 1.22 (1.88) 028 1.22(096)
(092, 1.63) 21y
399(347, 372(44063° 190  372(331)
459 (165
6.12(5.36, 545(052.64) 245  5.45(488)
698 @14y
453(389, 4.18(460.10) 206  4.17(368)
527 w77y
515(369, 469 (11582° 223  4.69 (355
718" (1601

suggests that antifungel agents are associated with DILL
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Antifungal drugs M(IQR)(d)

Ketoconazole 21 (7-40)
Miconazole 22 (25-45.75)
Fluconazole 8 (3-17.25)
Voriconazole 8 (2-20)
itraconazole 11 (4-325)
isavuconazole 7 (0-56.5)
Posaconazole 6 (2-19)
Caspofungin 5 (2-11)
Micafungin 5 (1.5-12.5)
Aridulafungin 4(1-12)

M, median; IQR, interquartie range: d, days.
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Drug ID Drugs name Exposed Unexposed Beta P OR (95%CI)
group group
+ - + -
1 Furosemide Injection 25 1392 2 1415 254 0.001 1271 (3.00-53.75)
2 Midazolam Injection 2 1072 3 1,093 2.10 0.001 8.16 (245-27.17)
3 20% Albumin Prepared From Human Plasma Injection 21 1252 5 1,268 145 0,004 425 (1.60-1132)
4 Fentanyl citrate Injection 23 769 3 789 2,06 0.001 7.87 (2.35-26.31)
5 Tbuprofen Suspension 14 1,120 7 1127 0.70 0132 201 (0.81-5.00)
6 Diazepam Injection 15 1,689 14 1,690 0.07 0852 107 (0.52-223)
7 Methylprednisolone sodium succinate for Injection 13 1,149 9 1,153 0.37 0394 145 (0.62-3.40)
8 Compound Glycyrehizin Injection 14 724 4 734 127 0.026 355 (116-10.83)
9 Vancomycin Hydrochloride for Intra Venous 1 454 1 467 2.67 0010 1440 (1.89-109.96)
10 Adrenaline Hydrochlaride Injection 9 1213 9 1213 0.00 1000 1.000 (0.40-2.53)
1 Milrinone Lactate Injection 14 492 2 504 197 0.009 7.17 (162-31.72)
12 Meropenem for Injection 10 793 9 794 0.11 0818 L11 (0.45-2.75)
13 Human Immumoglobulin for Intravenous Injection 1 677 7 681 0.46 0347 152 (0.61-4.10)
14 Aminomethylbenzoic Acid Injection 10 794 9 795 o1 0818 L11 (0.45-2.75)
15 Etamsylate Injection 9 1,006 1 1,004 -0203 0.654 0.82 (0.34-198)

P

ury; OR, odds r:
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N (%)

Gender
Male
Female
Age
Infancy,1 mo to 1 yr
Childhood, 2-10 years
Adolescence, 11-18 years
Major Diagnosis
Neoplasms
Respiratory system
Blood and blood-forming organs

Congenital malformations, deformations and chromosomal
abnormalities

Circulatory system
Nervous system
Digestive system

Injury, poisoning and certain other consequences of external
causes

Endocrine, nutritional and metabolic diseases
‘musculoskeletal system and connective tissue

Symptoms, signs and abnormal clinical and laboratory findings,
not elsewhere classified

Genitourinary system

External causes of morbidity and mortality
AKI stage

Stage 1

Stage 2

Stage 3

Length of stay, d

In-hospital death
Yes
No

Renal Recovery
Full Recovery
Partial Recovery

Failure to Recovery

54.(66.7%)
27 (33.3%)

37 (45.7%)
35 (43.2%)
9 (11.1%)

20 (24.7%)
15 (18.5%)
8(99%)
8(99%)

7 (86%)
6 (7.4%)
5 (6:2%)
4(49%)

2(25%)
2(25%)
2(25%)

1(12%)
1(1.2%)

35 (43.2%)
20 (24.7%)
26 (32.1%)

13
(6, 22.5)

39 (48.1%)
42 (51.9%)

14 (17.3%)
17 (21.0%)
50 (61.7%)

Abbreviation: AKI, acute kidney injury,
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Q=18.2+5.54 x Age - 0.602 x Age” +0.0421 x Age’
— 0.00993 x Age' (girls)
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Q=17.8+6.68 x Age - 0.907 x Age” + 0.0687 x Age’
000152 x Age* (boys)
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Suspect drug Literature (PubMed/ Literature (CNKI/ SPC” Signal type*
Embase) Wangfang)*
Adults Children Adults Children

Diazepam N x x x x i

Omeprazole v x P x v I

Ondansetron v x x x x 1

Methotrexate v v v N v Known

Creatine phosphate sodium x x x x of 1

Cytarabine 3 x & v & Known

AbbreviationsDIKI: drug-induced kidney injury; SPCs: summary of product characteristics.
" Literature reviewed: 1) PubMed: https://pubmed.ncbi.nlm.nih.gov; 2) Embase: https://www.embase.com; 3) Wanfang: http://www.wanfangdata.com.cn/index html); and 4) CNKI:

https://wwiw.cnkinet

°: SPCs reviewed: 1) Micromedex: hitps://swwwv.ibm.com/watson-health/learn/micromedex); 2) FDA website: https://www.fda.gov/; and 3) drug instructions: hitps://www.yaozh.com.
“Signal type I:the specific drug-DIKI signal had never been reported in the lterature; I: the specific drug-DIKI signal had been reported in the literature about adults, but no reports about

children could be found in the literature; known: the specific drug-DIKI association had been reported in both adults and children.
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Als 3
ALL A B c D E
n=14) =22 =2 n=9 =31 n=9
Age 0.880
0-8year 61(82.4) 18 (81.8) 4(100) 6(75.0) 26(83.9) 7(77.8)
9-18 year 13(17.6) 4(182) o 2(25.0) 5(16.1) 2(222)
Sex 0,069
Male 20 (27.0) 3(13.6) 3(75.0) 3(37.5) 10(32.3) 1(11.1)
Female 54(73.0) 19 (86.4) 1(25.0) 5(62.5) 21(67.7) 8(88.8)
Etiology 0,003
Backbend 34 (45.9) 14 (63.6) 0 1(12.5) 12(38.7) 7(77.8)
Non-back bend 40 (54.1) 8(36.4) 4(100) 7(875) 19(613) 2(222)
Neurological level of injury 0232
Paraplegia 62(83.8) 21(95.5) 4(100) 7(875) 23(74.2) 7078
Tetraplegia 12(162) 1(4.5) 0 1(125) 8(25.8) 2(222)
Severity of the injury <0.001
Complete 25(33.8) 19 (86.4) 4(100) 1(125) 13.2) 0
Incomplete 49 (66.2) 3(136) 0 7(87.5) 30(96.8) 9(100)
SBO 0531
Yes 20(27.0) 6(273) 0 3(37.5) 7(22.6) 4(44.4)
No 54(73.0) 16 (72.7) 4(100) 5(625) 24(77.4) 5(55.6)

8D, standard deviation; IQR, interquartile range; SBO, spina bifida occulta.
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Age (year), mean (SD) 58(27)

Sox, n (%)
Male 20(27.0)
Female 54(73.0)

Cause of injury, n (%)

Back bend 34(45.9)
Traffic accident 17 (23.0)
High fall 3(4.0)
Low fall 15 (20.9)
Violence 27)
Sports 3(4.9)

MR, n (%)

Normal 9(12.2)
Abnormal 65(87.8)

Severity of the injury
Complete 25(33.8)
Incomplete 49(66.2)

Complication in rehabilitation (1 = 54), n (%)

Neurogenic bladder 45 (83.3)
Osteopenia 26 (48.1)
Urinary Stone 6(11.1)
Spasticity 14(25.9)
Pressure ulcer/scald 7(13.0)
Urinary tract infection 36(66.7)

Progression at last follow up
A 22(20.7)
B 4(5.4)
c 8(10.8)
D 31(41.9)
E 9(12.2)

SD, standard deviation.
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Backbend Non-backbend

n=34 n=40
Age, mean (SD) 69(1.6) 493.1)
Sex

Male 129 19 (47.5)

Female 33(97.1) 21(52.5)
Neurological level of injury

Paraplegia 34 (100) 28(70.0)

Tetraplegia 0 12/(30.0)
Severity of the injury

Complete 13(382) 12 (30.0)

Incomplete 21(61.8) 28(70.0)
Length of lesion, Median (QR) 7 (3,9) 5(3,7.5)
SBO

Yes 14(41.2) 6(15.0)

No 20(58.8) 34(85.0)

8D, standard deviation; IQR, interquartile range; SBO, spina bifida occulta.

P

<0.001
<0.001

<0.001

0.455

0.268
0.012
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Variables

OR
Sex (female/male) 0689
Age (>8/<8) 0.847
Cause (oackbend/non-backbend) 1.444
SBO (yes/no) 0789

OR, odds ratio; Cl, confidence interval; SBO, spina bifida occulta.

Univariate

95%Cl

0.238-1.995
0.233-3.078
0.549-3.800
0.261-2.390

0.493
0.800
0.456
0.676

OR

0.443
0.864
2.368
0.682

Multivariate

95%Cl

0.119-1.851
0.233-3.204
0.690-8.131
0.211-1.201

0.225
0.826
0.171
0.522
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ltem LE group
“BHEIGHT (cm)  119.27 (13.79)
HEIGHT (om) 121.8 (13.19)
WEIGHT (kg) 25.8 (7.38)
BONE AGE 6.81 (2.53)
AGE (year) 11.93 (2.79)
BMI 16.99 (2.38)
"SEX_STD 1.19 (0.40)

Liver function
PHOS (mmollL) 1.57 (0.19)

ALP (UL 219.93 (71.59)
TBIL (umol/L) 841 (5.34)
ALT (UL 16.14 (6.02)
AST (UL 29 (8.42)
ALB Q) 44.06 (2.96)
TP (L) 70.14 (3.95)

Renal function
sG 1.02 0.01)
BUN (mmol/L) 4.58 (0.97)
PH 6.4 (0.86)
CR (umoliL) 47.93 (7.81)
UWBC 1.05 (1.09)
URBC 2.1 (231)

Blood lpid
TG (mmol/L) 091 (062)
TC (mmolt) 4.09 (0.68)
HDL (mmol/L) 1.52 (0.28)
LDL (mmol/L) 225 (0.54)

Blood glucose and hormone
HBA1C (%) 5.26 (0.34)
GLU (mmol/L) 5.04 (1.06)

CORT (nmolL) 97.68 (139.49)
ACTH (pmollL) 31.63 (26.69)

INS (miU) 14 (22.22)
Thyroid
TSH (mUL) 291 (1.20)
T3 (mol/) 1.82 (0.49)
T4 (nmol/L) 7007 (51.35)

Blood routine
RBC(x102) 4.7 (0.40)
WBC (x 10°0)  7.27 (2.16)
HCT 27.06 (20.39)
HB (gL 128.54 (11.64)
PLT (x10°)  283.08 (69.01)
Others

IGF-1 (ng/mli) 174.63 (87.20)
IGFBP-3 (ng/ml) 3.54 (0.95)
CAL (mmol/L) 2.35(0.19)

HE group

108.19 (10.12)
110.98 (10.56)
20.18 (5.96)
479 2.15)
10 (2.29)
16.06 (2.24)
1.3 (0.47)

1.56 (0.16)
226.76 (58.69)
7.92 (2.96)
17.02 (7.76)
31.17 (7.30)
43.56 (2.63)
66.95 (4.82)

1.02 (0.00)
4.86 (1.25)
6.25 (0.74)
41.24 (12.94)
1.38 (1.85)
224 (3.46)

0.84 (0.34)
429 (0.99)
1.45 (0.30)
248 (0.77)

531 (0.40)
481 (0.40)
130.75 (223.92)
25.25 (18.18)
927 (801)

281 (1.69)
203 (0.50)
82.65 (51.77)

462 (0.41)
689 (2.28)
328 (13.12)
124.44 (9.16)
293.3 (63.42)

111.4 (69.84)
2.96 (1.09)
238(0.13)

°FC

0.877
0.885
0.738
0.571
0.833
0.920
1.000

1.039
1138
1.054
1.100
1.089
1.023
0.973

1.001
0.980
0.923
0.856
1.000
0.763

1.013
1.040
0.980
1.039

1.000
0.966
1.196
1.043
0.805

0.936
1.319
1.135

0.951
0.949
1.012
0.962
1.007

0.595
0.880
1.004

°p

110 x 107
170 x 107
290 x 10°°
330 % 10°°
6.70 x 107
0067
0.486

0947
0.344
0966
0321
0174
0566

150 x 1072

0611
0457
0442
1.80 x 1072
0.890
0.489

0.954
0915
0561
0.448

0574
0476
0.634
0.595
0574

0.560
0.057
0242

0212
0421
0.844
0.076
0.588

4.80 x 107
0076
0.848

°’FC, FC (fold change)-value. FC value is the muttiple difference of the metabolite
concentration between samples. A value less than 1 means that the metabolite content in
HE group is lower than that in LE group, and a value greater than 1 means that the

metabolite content in HE group is higher than that in LE group.

“p, p-value, which is obtained from Mann-Whitney U test, p < 0.05 means the difference

s statistically significant.

°SEX_STD, 1 represents male and 2 represents female for gender comparison.
IBHEIGHT, height 1 year prior to the treatment.
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Metabolites

Heptadecanoic acid
Stearic acid
2-Hydroxybutyric acid
Myristic acid
Palmitoleic acid
D-Galactose
Dodecanoic acid
Malic acid

Oleic acid

Ratio of Glyoerol 3-phosphate/Giycerol
Uridine

Acetylglycine

Isocitric acid

Glycerol

L-Alanine

Glyceric acid
Decanoyl carnitine
Benzoic acid

Fumaric acid

MG182
Docosahexaenoic acid
Arachidic acid
Erythrose

FC

1.687
1.684
1.54
2.836
3.987
111
2115
1.204
1.692
0.566
1.593
122
1.815
1.333
0.92
1.61
1.298
0.87
1.354
1.687
1.209
1.493
4.918

op.value

8.40E-05
2.50E-04
8.80E-04
1.10E-03
2.30E-03
4.00E-03
4.00E-03
6.40E-03
8.20E-03
1.30E-02
1.60E-02
2.20E-02
2.50E-02
2.60E-02
2.80E-02
2.80E-02
3.10E-02
3.30E-02
3.30E-02
3.40E-02
3.90E-02
4.10E-02
4.40E-02

’FC, FC (fold change)-value. FC, value is the multiple difference of the metabolite
concentration between samples. A value less than 1 means that the metabolite content in
HE, group is lower than that in LE, group, and a value greater than 1 means that the

metabolte content in HE, group is higher than that in LE, group.

“p, p-value, which is obtained from Mann-Whitney U test, p < 0.05 means the difference

is statistically sianificant.
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Metabolites LE group
Heptadecanoic acid 3,580.11 (1761.33)
Stearic acid 182,390.78 (65,213.65)
2-Hydroxybutyric acid  158,827.15 (67,109.12)
Myristic acid 22,604.22 (19,671.17)
Palmitoleic acid 20,111.44 (23,314.59)
D-Galactose 246,084.44 (67,503.14)
Dodecanoic acid 6,990.11 (5,881.99)
Oleic acid 172,689.04 (99,261.26)

HE group

6,194.47 (2,885.30)
280,726.2 (109,564.96)
242,265.37 (106,426.26)
47,192.23 (33,841.80)
50,034.73 (48,186.11)
285,655.97 (33,157.03)
13,504.60 (8,949.79)
246,016.00 (142,341.37)

°FC

1.69
1.68
1.54
2.84
3.99
1.1
212
1.69

bvip

298
287
298
239
182
238
236
163

“p.value

8.40 x 10-5
250 x 10-4
8.80 x 10-4
1.10 x 10-3
230 x 10-3
4.00 x 10-3
4.00 x 10-3
8.20 x 10-3

Formula

C17H3402
C18H3602
C4H803
C14H2802
C16H3002
C6H1206
C12H2402
C18H3402

“HMDB ID

HMDB02259
HMDB00827
HMDB00008
HMDB00806
HMDB03229
HMDB00143
HMDB00638
HMDB00207

HE/LE

“FC, FC (fold change)-value. FC, value is the multiple difference of the metabolite concentration between samples. A value less than 1 means that the metabolite content in HE, group is
lower than that in LE, group, and a value greater than 1 means that the metabolite content in HE, group is higher than that in LE, group.

"VIP, variable importance in projection, the VIP>1 is considered to contribute to group classification.
D, p-value, which is obtained from Mann-Whitney U test, p < 0.05 means the difference is statistically significant.

IHMDB ID, Human Metabolome Database ID.
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Haplotype All Males  Females

CES1A1/CESIA1/CESIA2/CESIA2 (n=3) 092 092

CES1A1/CESIAI/CESIA2/CESIP] (n=16) 088 099 070
CES1A1/CESIA1/CESIPI/CESIPL (n=45) 075 077 0.69
CESIA1/CESIAIC/CESIA2/CESIPL (n=8) 066 079 0.44
CES1A1/CESIAIC/CESIPI/CESIPL (n=22) 090 088 094

CES1A1c/CESIAIC/CESIA2/CESIPL (n=2) 081 081
CES1A1c/CES1A1c/CESIPI/CESIP1 (n=3) 038 038
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log2(last dose/weight {(mg/kg))

rs74019272 and log2(last dose/weight (mg/kg)),
pvalue-o 023, adjusted p-value=1

avsent

1574019272
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log2(last dose/weight (mg/kg))

rs4122238 and log2(last dose/weight (mg/kg)),
p-value=0.0095, adjusted p-value=0.72

avsent

154122238






OPS/images/fped-10-958622/fped-10-958622-g004.jpg
log2(last dose/weight {mg'kg))
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Characteristics Reports, n (%)

Patient age (year)

<18 218(7.41%)
18-44 511 (17.36%)
45-64 755(25.65%)
65-74 432 (14.68%)
75-84 264 (8.97%)
285 61 (2.07%)
Unknow 702(23.85%)
Reporter
Consumer 306 (10.40%)
Lawyer 1 (0.08%)
Other health-professional 808(27.45%)
Pharmacist 345 (11.72%)
Physician 1191(40.47%)
Unknow 292 (9.92%)
Patient gender
Female 1121 (38.09%)
Male 1443(49.03%)
Unknow 379(12.88%)
Year
2004 136 (4.62%)
2005 132 (4.49%)
2006 134 (4.55%)
2007 120 (4.08%)
2008 117(3.98%)
2009 137 (4.66%)
2010 152 (5.16%)
2011 129 (4.38%)
2012 154 (5.23%)
2013 156(5.30%)
2014 124 (4.21%)
2015 174 (5.91%)
2016 155 (5.27%)
2017 183 (6.22%)
2018 231(7.85%)
2019 262 (8.90%)
2020 269 (9.14%)
2021 171 (6.81%)
Unknow 6(0.20%)
Area
Africa 26 (0.88%)
Asian 746(25.35%)
Europe 1203(40.88%)
North America 689 (23.41%)
Oceania 39 (1.33%)
South America 34 (1.16%)
Unknow 206 (7.00%)
Antifungal drugs
Ketoconazole 188 (6.29%)
Miconazole 48 (1.63%)
Clotrimazole 10 (0.34%)
Fluconazole 570 (19.37%)
Voriconazole 955 (32.45%)
Itraconazole 427 (14.51%)
Isavuconazole 48 (1.63%)
Posaconazole 216 (7.34%)
Gaspofungin 256 (8.70%)
Micafungin 186 (6.32%)

Anidulafungin 39 (1.33%)
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Last dose (mg)
8

8
Age at last Rx

haplotype

CES1A1/CES1A1/CES1A2/CES1A2
CES1A1/CES1A1/CESTAZ/CESTP1
CES1A1/CES1A1/CESTP1/CESTP1
CES1A1/CES1A1C/CESTA/CESTP1
CES1A1/CES1A1C/CESTP1/CESTP1
CES1A1C/CESTA1C/CESTA2/CESTP1
CES1A1c/CES1A1C/CES1P1/CESTP1
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Potential participants identified
N=354

in medical record

Ineligible upon manual review N=27
- Use of exclusion drug
- Inconclusive diagnosis (N=1)
- Methylphenidate <3 months (N=1)
- Duplicate (N=1)

Eligible patients invited to
N=327

participate

Not st fully recruited N=127

- Unable to reach or recontact (N=88)
- Not Interested (N=39)

Research appointments scheduled

N=200

Not enrolled= 28
- Cancellation/No Show/Left Before
Research Visit (N=22)
- Opted out at time of consent(N=6)

- Complete Sample (N=
- Partial Sample (N=25)

Consented to Participate N=172

147)

Excluded from analysis (N=73)
- Unable to sequence (N=69)
- Missing clinical data (N=1)

- Incomplete saliva sample (N=1)
- Determined in

Included in analysis N=99

- Age outlier (N:

ble post-enroliment (N=1)
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PT

Liver injury
Liver damage

Liver necrosis

Hepatic damage

Hepatotoxicity

Hepatopathy

Hepatic disease

Hepatitis

Nonalcoholic fatty liver isease
Liver fatty infitration
Steatohepatitis

Hepatic steatosis

Jaundice

lcterus

Cholestasis

Blle duct damage

Biiary cholangiis

Hepatobiliary disease

Hepatic encephalopathy

Hepatic failure

Hepatic vasoular injury

Hepatic cirthosis

Portal hypertension

DILI

Hepatic necrosis

Hepatocelular injury
Hepatomegaly

Hepatic enzyme abnormal

Hepatic enzyme increased
Transaminases increased
Transaminases abnormal

Blood bilrubin abnormal

Blood bilrubin increased
Aspartate aminotransferase abnormal
Aspartate aminotransferase increased
Hepatic injury

Hepatic function abnormal
Hepatocelular damage

Cirthosis.

Hyperbilirubinaemia

Liver transplant

Alanine aminotransferase abnormal
Alanine aminotransferase increased
Ammonia increased

Biirubin conjugated increased
Biirubin urine

Blood bilrubin unconjugated
increased

Coma hepatic

Hyperammonaemia

Liver function test abnormal

Mixed hepatocellular-cholestatic injury
Urine biliubin increased

PT. preferred terms.
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DiLI All other adverse Total
drug reactions

Antifungal drugs a c a+c
All other drugs b d b+d
Total a+b c+d ab+c+d

(@b)/(c/d), 95% Cl = en(RORI=1I6(/aD /e /05 (riteria: 95%Cl> 1, n22);
@/fa+d)/ /b +d), x = (10 - EI/E),

L E= [a+bl[a+cl/[a+b+c+d])(criteria : PRR22,% 24, n23);

IC =log2a*(a+b+c+d)/ ([a+clla+bl),

(0025 = g0 195(ar /o+1/6+ 1905 iteia : G025 > 0);

EBGM =a'(a+b+c+d)/([a+cla+ b)), EBGMOS =

SN (EBGM)-164(1/ar 1o+ /o4 VOIS (criteria: EBGMO5 2, 11> 0).

Cl, indlcates confidence interval;n, incicates the number of co-oocurrences; 2, indicates
chi-squared; IC, indicates information component; 10025, incicates the lower limit of the
95% two-sided Cl of the IC: EBGMO5, the fower limit of the 90% one-sided Cl of the EBGM.
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Drugs N ROR PRR ic EBGM

(95% two-sided Cl) (2 (Ic025) (EBGMOS5)
Vancomycin 276 972 (8.62,10.96)" 956 (2097.18)" 324 (2.88) 9.47 @57)
Linezolid 63 3.46 (2.7,4.43)" 3.44 (109.19)" 1.78 (1.39)" 3.44 (2.79)

ROR, reporting odds ratio;

I, confidence interval: PRR, proportional reporting ratio; 2, chi-squared: IC, information component; EBGM, empirical Bayesian geometric mean.
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Characteristics Reports (N, %)

Vancomycin Linezolid
Patient age (year)
<18 17 (6.16) 1(1.59)
18-44 41 (14.86) 2(3.17)
45-64 87 (3152) 23 (36.51)
65-74 55 (19.93) 17 (26.98)
>74 41 (14.86) 4(6.35)
Unknown 35 (12.68) 16 (25.40)
Patient gender
Female 121 (4384) 29 (46.09)
Male 136 (49.28) 28 (44.44)
Unknown 19 (0.36) 6(1.59)
Area
Afiica 0(0.00) 0(0.00)
Asia 26 (9.42) 8 (12.70)
Europe 90 (3261) 26 (41.27)
Ocearia 0(0.00) 0(0.00)
North America 130 (47.10) 26 (41.27)
South America 6(2.17) 1(1.59)
Unknown 24 (8.70) 2(3.17)
Reporters
Consumer 7 (254) 3(4.76)
Lawyer 11(3.99) 0(0.00)
Pharmacist 77 (27.90) 19 (30.16)
Physician 68 (24.64) 10 (15.87)
Other health-professional 66 (2391) 21 (38.39
Unknown 47 (17.03) 10 (15.87)
Outcome event
Death 93 (33.70) 25 (39.69
Disabilty 18 (6.52) 3(4.76)
Hospitalization-Initial or Prolonged 144 (52.17) 28 (44.44)
Life-Threatening 59 (21.38) 17 (26.98)
Other Serious (Important Medical Event) 122 (44.20) 35 (55.56)
Required Intervention to Prevent Permanent Impairment/Damage 17 (6.16) 1(1.59)

FAERS, FDA adverse event neporting system.
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Algorithms. Equation® Criteria

ROR ROR = (a/b)/(c/d) 96% Cl>1,N22
959G = GNARORSLIB(Tar -11:1/055

PRR PRR = (a/(a+¢))/(b/ (b +d)) PRR22, ¢ 24,N 23
P =Y((O-EB%E); (O=aE=(a+b)(a+c)/(a+b+c+d)

BCPNN IC=log,a(@a+b+c+dy((a+c)(a+b) IC025 > 0
0025 = GhIO-156(Var or11cs 14035

MGPS EBGM=a(a+b+c+d)/((a+c)(a+b)) EBO522,N>0

EBOS = gh(EBGM)-1.64(1/a+1/b+1/c41/0)05

“a: number of reports containing both the suspect drug and the suspect adverse drug reaction. b: number of reports containing the suspect adverse drug reaction with other medications
(except the drug of interest). c: number of reports containing the suspect drug with other adverse drug reactions (except the event of interest). d: number of reports containing other
medications and other adverse drug reactions. Abbreviations: ROR, reporting odds ratio; Cl, confidence interval; N, the number of co-occurrences; PRR, proportional reporting ratio; y,
chi-squared; BCPNN, Bayesian confidence propagation neural network; IC, information component; IC025, the lower limit of the 95% two-sided Cl, of the IC; MGPS, multi-item gamma
Poisson shrinker: EBGM, empirical Bayesian geometric mean; EBO5, the lower 90% one-sided Cl of EBGM.





