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      Abstract


      We reviewed the literature for pediatric patients infected with Naegleria fowleri (N. fowleri) to assess the relationship between patient survival and treatment with hypothermia. A systematic literature search was performed in PubMed to identify studies describing cases of pediatric N. fowleri infections. We identified 47 studies describing 55 pediatric patients (median age 9-years [range: 5 months-16-years]; 22.6% female [12/53]) with a mortality rate of 85.5% (47/55). Among these studies, 3 patients (33.3% female; median age 12-years [range: 12-14]) were treated with induced hypothermia in conjunction with other pharmaceutical and surgical interventions. Two of these patients succumbed to the illness, while the other made a full neurologic recovery. Our results indicate that therapeutic hypothermia has not been used widely in pediatric patients infected with N. fowleri. Further studies are needed to determine whether hypothermia reduces pathogenicity; increased physician awareness of this illness is also needed.
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      Introduction


      Naegleria fowleri (N. fowleri) is a pathogenic amoeba that causes primary amebic meningoencephalitis (PAM), a very rare but nearly always fatal central nervous system infection [1,2]. Up to eight N. fowleri cases are diagnosed in the USA per year [1], which often occurs after seasonal water activities such as swimming and water skiing when contaminated water enters the nasal cavity [3]. The pathogenic amoeba attaches to the nasal mucosa, then moves along the olfactory nerve through the cribriform plate [4] and onto the olfactory bulbs, eliciting an intense innate immune response in the central nervous system [5,6]. The cribriform plate has increased porosity in children and young adults compared to older populations [4], potentially placing this age group at greater risk for N. fowleri infections.


      Despite standard treatment regimens, which include antibiotics (i.e., biologically produced substances) and antimicrobials (i.e., synthetically produced substances), PAM has an associated overall mortality rate of over 97% in adults and children [1,2]. A few clinicians have reported using hypothermia as an adjunctive treatment with at least one report showcasing successful recovery and positive neurological outcomes, possibly due to reduction or prevention of cerebral edema [7-9]. We performed a systematic literature review to identify clinical outcomes among patients with N. fowleri treated with induced hypothermia.


      Materials and Methods


      We conducted a systematic literature review using the PubMed database with the following search terms: 1) "Naegleria fowleri" AND (pediatric OR child OR infant), and 2) "Primary amoebic meningoencephalitis" AND (pediatric OR child OR infant). Studies describing pediatric patients with N. fowleri and treatment outcomes from 1981-2019 were included, while articles with adult patients above 18-years, preclinical studies, opinion articles, reviews, and foreign language articles were excluded. Additionally, duplicate articles and those that could not be located in their entirety were excluded. Included articles were examined for consistency with PAM diagnosis (rapidly progressive meningoencephalitis with purulent cerebrospinal fluid [CSF] following water exposure), taking note of any likely inappropriate diagnosis. Included articles were examined for redundant cases. References were scoured for additional relevant articles. Systematic review methods adhered to PRISMA guidelines (Figure 1). The number of patients in each case report or article was documented, along with patient age, gender, treatment regimen(s), and outcome.


      Results


      Literature search results


      Excluding duplicates, our literature search yielded 122 articles published between 1981 and 2019, with one article identified from other sources. Of these, 76 were excluded and 47 containing relevant patient-specific data met inclusion criteria (Figure 1). The studies were further divided into two groups: 1) Those that treated patients with therapeutic hypothermia + standard therapy (5 studies of 3 patients); and 2) Those that used standard therapy alone (42 studies of 52 patients).


      Study population: Treatment characteristics and patient outcomes


      The 47 included studies described a total of 55 pediatric patients with N. fowleri (22.6% female, 12/53 [as two studies did not identify sex]; median age: 9-years [range: 5 months - 16-years]) treated for N. fowleri infection, including standard therapies and hypothermia with an overall mortality rate of 85.5% (47/55).


      Therapeutic hypothermia: Among these patients, 3 (33.3% female; median age 12; age range 12-14-years) were treated with therapeutic hypothermia in a hyperbaric chamber, in addition to treatment with pharmaceutical agents or other procedures (Table 1) [7-11]. One study reported patient core body temperature in the hyperbaric chamber, which ranged from 32-34 ℃ [7]. The duration and hypothermic treatment was not documented by any study of the specific timing only documented in one study [7-11]. Hypothermia was always combined with medical management and cranial pressure alleviating procedures, such as craniotomy, hyperosmolar therapy, and shunt placement. All 3 patients (100%, 3/3) received both antibiotics and antimicrobials. Additionally, 100.0% (3/3) received miltefosine, 100.0% (3/3) received amphotericin B, and 100.0% (3/3) received azithromycin. One patient received therapeutic hypothermia, hypertonic saline, mannitol, and surgical decompression at an unspecified time point to manage cerebral edema, but none of these measures resulted in clinical improvement and the patient was declared brain-dead on day 16 in the hospital [10]. Another patient with headache, weakness, and fever was initially sent home from a local hospital after a reportedly normal computed tomography scan, then returned the following day due to onset of vomiting and confusion. This patient received therapeutic hypothermia and pentobarbital in an attempt to aggressively manage intracranial pressure, but these efforts were unsuccessful and the patient expired on day 4 of hospitalization [11]. In the surviving patient, local laboratory protocols allowed for the N. fowleri diagnosis to be communicated to medical staff within one hour of receiving the CSF specimen [8]. The patient's CSF specimen was negative for N. fowleri by day 3, and after 52 days of hospitalization, the patient made a full neurological recovery [7].


      Standard therapy: Fifty-two patients with N. fowleri infections were treated with standard therapies without hypothermia (Supplemental Table 1). Similar to the therapeutic hypothermia group, patients in the standard therapy group were treated variously with ventriculostomy, shunt placement, and intracranial pressure monitors to decrease cerebral edema and alleviate intracranial pressure [12-16]. Among these patients, 7.7% (4/52) received miltefosine, 51.9% (27/52) received amphotericin B, and 17.3% (9/52) received azithromycin. This patient population had a mortality rate of 86.5% (45/52), including one clinically deteriorating infant who was removed from the hospital against medical advice [17].


      Surviving patients in this group were predominately male (85.7%, 6/7) and had median age 8 years (range: 5 months - 10-years). Six of the seven (85.7%) survivors made full neurological recoveries [14,18-22]. One previously healthy patient continued to be nonverbal with static encephalopathy and seizures 18 months after discharge, despite prolonged support in a 39-day hospitalization and subsequent pediatric rehabilitation for 36 days [10]. All seven (100.0%) surviving patients received antibiotics and antimicrobials, while only 1/7 (14.3%) received miltefosine (Supplemental Table 1).


      Discussion


      Our literature review and analysis of pediatric patients with N. fowleri suggest that hypothermia as an adjunctive therapy for PAM is not exceedingly common and, based on very limited data, has resulted in similar survival and neurological outcomes in comparison with medical management alone. As there is a paucity of data on efficacious treatments for PAM, hypothermia may be worth exploring as an adjunctive therapy when treating pediatric populations for this highly lethal condition.


      Unfortunately, the prognosis of N. fowleri infection has not appeared to improve over the years, despite pharmaceutical and technological advancements. Of the 17 case reports published pre-2000 in this review, only two survived, resulting in a survival rate of 11.8%. Post-2000 case reports had a very similar survival rate at 14.3% (5/35). The rarity of PAM, its tendency for delayed diagnosis, and swiftly deteriorating patients effectively preclude the possibility of clinical trials to determine more efficacious treatments; therefore, physicians must base potential treatment plans on case reports, in vitro studies, and sound clinical reasoning. Therapeutic hypothermia is a product of such reasoning and a recent explorative adjunctive therapy, with the earliest case report using this treatment published in 2015 [7].


      It is possible that therapeutic hypothermia may exert neuroprotective effects on pediatric patients with N. fowleri infections, which result in host cell, nerve, and tissue destruction via the release of cytolytic molecules [3,5,23]. The collective effect of pathogenicity and the body's associated immune response results in significant central nervous system damage and often death [3]; notably, increased intracranial pressure and CSF pressure are directly associated with death in N. fowleri infected patients [23]. Elevated intracranial pressure is commonly managed via intracranial pressure monitor placement [15,16], ventriculostomy [12,24-26], craniectomy [27], shunt [14], and other surgical decompression techniques [10]; hypothermia may offer additional neuroprotective benefits against brain damage due to intracranial pressure through its involvement with inflammation, metabolism, free-radical production, apoptosis, neurogenesis, and angiogenesis [28]. Hypothermia may also exert protective effects by arresting the development and/or pathogenicity of microbes. In vitro studies have shown that N. fowleri enters an active growth phase at 42 ℃, and cell density is reduced 32 ℃ [29,30]. Likewise, when temperatures rise above 35 ℃, the stable cyst form of N. fowleri becomes more invasive [31]. Thus, it is possible that lower body temperatures induced by therapeutic hypothermia may inhibit active microbial growth. In the setting of nearly universal fatality, it is certainly reasonable to explore hypothermia as a useful adjunctive treatment.


      Nevertheless, one of the biggest obstacles standing in the way of implementing new or potentially effective therapies for N. fowleri infection is delayed diagnosis. The Centers for Disease Control and Prevention estimate that over three-quarters of infected patients are diagnosed after death [2]. Diagnosis is primarily by analysis of biopsy specimens, tissues, and CSF to visualize the amoeba, along with computerized tomography (CT) or magnetic resonance imaging (MRI) to identify abnormalities, swelling, or bleeding of the brain [23,32-36]; however, since most patients exhibit symptoms similar to viral or bacterial meningitis, physicians may not consider an amoebic pathogen in the differential diagnosis. Furthermore, local testing laboratories may not be equipped with proper testing technology for accurate diagnosis [37]. Delays between pathogen exposure and therapeutic intervention are so crucial because they may contribute to the high mortality rate. In fact, authors reporting a successful patient outcome after hypothermia primarily attributed survival to rapid diagnosis made within one hour of receiving the CSF specimen, despite nonspecific symptoms, and recommended that medical pathologists consider the possibility of N. fowleri in suspected meningitis cases during the summer months [8]. Additionally, index of suspicion for PAM should be higher for physicians in certain regions: A quarter of all PAM cases in the United States occur in Florida likely due to environmental and climate factors, with Orange County having an especially high burden [38]. However, PAM has also been reported as far north as Minnesota [38], so physicians should not rule out the possibility of PAM diagnosis solely based on geography. Rather, it is the hope and intent of the authors that this publication would serve to heighten all physicians' awareness and index of suspicion for this rare illness, with the ultimate goal of providing vital treatment to those who need it.


      Limitations


      A major limitation of this study, and all studies investigating N. fowleri, is the lack of data on the incidences and management of such patients; the small number of studies reporting adjunctive hypothermia therapy especially limits the conclusions that can be drawn as well as the generalizability of these results. Furthermore, details pertaining to treatment regimens were not consistently reported across studies, including two studies that did not state the temperature of therapeutic hypothermia [10,11], which prevents scientific rigor in identifying successful treatment parameters. Future studies and case reports should document the full details of hypothermic conditions, including the timing and duration of administration to fully characterize its benefits. Lastly, further in vitro and in vivo analyses are needed to study the impact of pharmaceutical agents and medical management techniques at each stage of the course of the disease.


      Conclusions


      N. fowleri infection is rare and difficult to treat because of its nonspecific symptoms with sudden onset. Our review of the literature demonstrated that therapeutic hypothermia is a relatively new adjunctive treatment that may have comparable mortality rate for N. fowleri patients who receive traditional therapies alone. Further studies and careful documentation of hypothermic conditions in real-world conditions may shed light on the utility of therapeutic hypothermia as a concomitant therapy to improve survival and neurological outcomes.
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