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Nontraditional Antiseizure Medications to Consider 
When Traditional Options Have Failed: Medications for 
Refractory Seizures and Epilepsies
Adrian Turner, PharmD and M. Scott Perry, MD

In the field of epilepsy, the advent of precision medicine and the repurposing of medications for new appli-
cations have fortuitously allowed more accurate diagnosing and individually targeted therapeutics. Despite 
these advances, there remain patients who do not respond sufficiently—or at all—to traditionally prescribed 
treatments. Clinicians often need to be creative, using clinical experience and rigorous research to intuit 
the next step when most, if not all, anti-seizure treatments have not produced sufficient results. Herein we 
describe 5 medications with emerging reports of efficacy for seizure control identified by coauthor clinical 
experience and prescribers in clinical practice for drug information purposes (e.g., ketamine, memantine, 
quinidine, riluzole, trazodone). Additionally, we summarize pertinent pharmacokinetics, adverse effects, 
and known and potential interactions with neurologically focused medications to further guide clinical 
application. Ketamine and memantine appear to be promising options to apply to patients presently, while 
quinidine, riluzole, and trazodone have data that could contribute to future applications in specific patient 
populations.

ABBREVIATIONS ADNFLE, autosomal-dominant nocturnal frontal lobe epilepsy; ASM, antiseizure medication; 
DEE, developmental and epileptic encephalopathy; DS, Dravet Syndrome; EEG, electroencephalogram; EI-
MFS, epilepsy with migrating focal seizures; FDA, US Food and Drug Administration; GABA, gamma-amino-
butyric acid; ICU, intensive care unit; IM, intramuscular; IN, intranasal; IV, intravenous; LGS, Lennox Gastaut 
Syndrome; NMDA, N-methyl-D-aspartate; RSE, refractory status epilepticus; SE, status epilepticus; 

KEYWORDS epilepsy; ketamine; memantine; quinidine; riluzole; seizure; trazodone
J Pediatr Pharmacol Ther 2025;30(3):306–322

DOI: 10.5863/JPPT-25-01203

Introduction and Background
The practice of medicine is ever-changing. In the 

field of epilepsy, the advent of precision medicine and 
the repurposing of medications for new applications 
have fortuitously allowed more accurate diagnosing 
and individually targeted therapeutics. Despite these 
advances, there remain patients who do not respond 
sufficiently—or at all—to traditionally prescribed treat-
ments. Twenty to forty percent of newly diagnosed 
patients with epilepsy will not achieve seizure remission 
for many years.1–3 Patients with medication-resistant sei-
zures are at further risk with mortality rates 4 to 7 times 
higher compared with pharmacoresponsive patients.4–6 
Clinicians often need to be creative, using clinical ex-
perience and rigorous research to intuit the next step 
when most, if not all, anti-seizure treatments have not 
produced sufficient results. Expanding on a previously 
published review of nontraditional anti-seizure medica-
tion treatments,7 herein we describe 5 medications with 
emerging reports of efficacy for seizure control identi-
fied by coauthor clinical experience and prescribers 

in clinical practice for drug information purposes (e.g., 
ketamine, memantine, riluzole, quinidine, trazodone). 
Literature searches were performed via PubMed da-
tabase by using search terms “[medication name],” 
“seizure,” “epilepsy,” “status epilepticus,” and/or known 
or potential associated genetic mutations. Additionally, 
we summarize pertinent pharmacokinetics, adverse 
effects, and known and potential interactions with 
neurologically focused medications to further guide 
clinical application.

Ketamine. Ketamine exerts its action via noncom-
petitive N-methyl-D-aspartate (NMDA) receptor an-
tagonism, resulting in the blockade of glutamate—the 
major excitatory neurotransmitter in the central nervous 
system. [see Table 1] The blockade of glutamate ulti-
mately results in analgesia, modulation of central sensi-
tization, and reduction of polysynaptic spinal reflexes.8,9 
Ketamine’s US Food and Drug Administration (FDA) 
approved indications are limited to anesthetic purposes 
(sole anesthetic agent for diagnostic and surgical pro-
cedures that do not require skeletal muscle relaxation; 
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induction of anesthesia before the administration of 
other general anesthetic agents; and as a supplement 
to other anesthetic agents).8,9 However, ketamine’s 
usefulness in the treatment of posttraumatic stress 
disorder, depression, migraines, pain, and seizures has 
emerged.10–17 For seizures, it is reasonable to deduce 
some anti-seizure activity may stem from NMDA recep-
tor antagonism. In fact, ketamine may be especially 
useful in prolonged seizures where seizures become 
more difficult to treat, in part due to loss of sensitivity 
to gamma-aminobutyric acid (GABA) agonists18,19 but do 

not appear to have the same sensitivity loss to NMDA 
antagonists.19–22

Gaspard et al23 reported experience with intrave-
nous (IV) ketamine in the treatment of refractory status 
epilepticus (RSE) via a retrospective, multicenter study 
in 2013. Sixty episodes in patients with RSE were 
included for analysis (age 7 months to 74 years); 12 
(20%) were less than 18 years old. The authors defined 
response as likely response being permanent control 
of status epilepticus (SE) within 24 hours of ketamine 
initiation and possible response being permanent 

Table 1. Ketamine Dosing, Pharmacokinetic, and Clinically Relevant Interaction Summary8,9

Labeled/Reported Dosing IM 5–13 mg/kg 
(Indications: induction of anesthesia; procedural sedation/
analgesia)

IN 0.5–6 mg/kg/dose 
(Indications: acute pain; preanesthetic sedation; procedural 
sedation/analgesia)

IV Loading dose: 0.5–2 mg/kg 
Maintenance: 0.3–15 mg/kg/hr 
(Indications: induction of anesthesia; procedural sedation/
analgesia; sedation/analgesia in critically ill patients; status 
epilepticus)

PO 5–8 mg/kg/dose 
(Indications: preanesthetic sedation; procedural sedation/
analgesia)

PR 8–10 mg/kg/dose 
(Indications: preanesthetic sedation; procedural sedation/
analgesia)

Pharmacokinetics Onset ~30 sec (IV); 3–15 min (IM); 5–10 min (IN); 9.5–30 min (PO)
Peak 5–30 min (IM); 10–20 min (IN); ~30 min (PO); ~45 min (PR)
Bioavailability 93% (IM); 20%–30% (PO); 35%–50% (IN); 25% (PR)
Distribution 2.1–3.1 L/kg
Protein binding 27%
Metabolism Hepatic; active metabolite norketamine 33% as potent as 

parent compound (higher norketamine concentrations with 
PO due to extensive 1st pass metabolism)

Half-life 4–6 hr; ~7 hr (CrCl < 30 mL/min); 9.7 hr (ESRD)
Excretion Urine (91%); feces (3%)

Interactions Increased CNS 
depression

Barbiturates; benzodiazepines; cannabinoid containing 
products; dexmedetomidine; ethosuximide; felbamate; 
fenfluramine; gabapentin; lacosamide; lamotrigine; 
levetiracetam; methsuximide; perampanel; propofol; 
stiripentol; tiagabine; topiramate; vigabatrin; VPA; 
zonisamide

Decreased ketamine 
serum concentration

CYP2B6 inducers (moderate, strong); CYP3A4 inducers 
(moderate, strong)

Increased ketamine 
serum concentration

CYP3A4 inhibitors (strong)

Commercially Available 
Formulations

Solution, injection 10 mg/mL; 50 mg/mL; 100 mg/mL

CrCl, creatinine clearance; ESRD, end-stage renal disease; IM, intramuscular; IN, intranasal; IR, immediate release; IV, intravenous; PO, oral; 
VPA, valproic acid and derivatives
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control of SE within 24 hours when ketamine was not 
the last medication added. Furthermore, permanent 
control of SE was defined as no SE recurrence during 
the same intensive care unit stay. Sixty-three percent 
(n = 38/60) had a seizure semiology of focal noncon-
vulsive SE, 23% (n = 14/60) were classified as general-
ized convulsive seizures, and the remaining seizure 
types varied. Only 9 patients (15%) had a prior history 
of epilepsy. Overall ketamine regimens included a 
median loading dose of 1.5 mg/kg (maximum of 5 mg/
kg) followed by a median continuous infusion rate of 
2.75 mg/kg/hr (maximum rate of 10 mg/kg/hr). Seven 
episodes were categorized as likely response; of 
likely response patients with available data, 6 of 6 
(100%) received a loading dose of ketamine and had a 
maximum median rate of 7 mg/kg/hr (0.9–10 mg/kg/hr).  
Twelve episodes were categorized as possible re-
sponse; of possible response patients with available 
data, 5 of 8 (63%) received a ketamine loading dose 
and had a maximum median rate of 1.8 mg/kg/hr (0.6– 
7 mg/kg/hr). Based on a stepwise, multivariable logistic 
regression analysis, the authors noted younger age 
and positive response to ketamine were associated 
with lower mortality. It was also noted that improved 
response was observed with “early” ketamine initia-
tion (e.g., third- or fourth-line agent in contrast to agent 
introduced > 8 days into a course or as a seventh-line 
agent or later).23

In one of the largest studies examining ketamine 
in the management of pediatric and neonatal RSE, 
Jacobwitz et al24 reported positive outcomes. Sixty-
nine patients in the intensive care unit (median age = 
0.7 [0.15–7.2] years) underwent continuous electroen-
cephalogram (EEG) and were treated with ketamine. At 
baseline, 17 of 69 patients (25%) had preexisting epilep-
sy; the majority were classified as focal (9 of 17 [53%]), 
while 2 of 17 (12%) were classified as generalized. The 
remaining 6 of 17 (35%) were classified as having both 
focal and generalized seizure types. Sixty-five patients 
(94%) received a ketamine bolus (specific dosing not 
defined); continuous ketamine infusions ranged from 1 
to 7 mg/kg/hr. After ketamine initiation, seizure termina-
tion on continuous EEG was seen in 32 of 69 patients 
(46%), seizure reduction in 19 of 69 patients (28%), and 
no change in 18 of 69 patients (26%). Of the 51 of 69 
patients (74%) with complete or some reduction in sei-
zures, 37 (73%) saw effects within 6 hours of ketamine 
initiation. Of note, seizure termination was more likely 
to be seen when ketamine was administered as the 
first anesthetic antiseizure medication (ASM) compared 
with ketamine administered after midazolam (23/38, 
61% vs 9/31, 29% [p < 0.01]).24 While one of the largest 
studies in this population, generalizability is limited as 
it was performed at a single institution. Interpretations 
for neonates may also be limited due to the small 
neonatal sample size. Additionally, clinician variation in 
clinical data interpretation may be present as multiple 

practitioners were involved in the interpretation, clas-
sification, and documentation.

In a case series of 3 pediatric patients with RSE and 
super-refractory SE, DeVine et al25 reported some suc-
cess with adjunctive continuous ketamine infusions. 
All 3 patients (aged 29–79 days) were refractory to an 
average of 6 ASMs at optimized doses before ketamine 
initiation. Ketamine infusions were initiated at 1 mg/kg/
hr and titrated up, with 1 patient requiring a maximum 
of 6 mg/kg/hr. After ketamine initiation, patients were 
maintained on an average of 3 ASMs; additionally, 1 
patient was able to taper a benzodiazepine continuous 
infusion to a lower rate. However, 1 patient, in whom ket-
amine was initiated on day 7, did not have a response 
to ketamine after 5 days and was tapered off over 24 
hours. The second patient initiated ketamine on hos-
pital day 52 (24 hours after the patient’s first seizure), 
and seizures ceased within 1 hour of ketamine initia-
tion. Over the course of admission and readmissions, 
ketamine was tapered, and seizures recurred. Once 
ketamine resumed, most clinical seizures resolved, and 
some subclinical seizures remained. In the last patient, 
ketamine was initiated on day 7 of admission after the 
patient was placed on continuous renal replacement 
therapy due to propylene glycol toxicity from pentobar-
bital. Unfortunately, no significant changes were seen 
on the EEG by day 8, and the family opted for limitation 
of life-sustaining therapy. The patient passed away 
shortly thereafter. The authors stated it was unclear if 
seizures were controlled on continuous ketamine in 
this patient.25

In a 2022 single-center, retrospective review, 
Machado et al26 presented data that could further de-
lineate effective SE seizure termination with ketamine. 
Twenty-four adult patients with RSE were included; all 
patients’ video EEGs were examined for any changes 
after ketamine administration. Patients were clas-
sified as responders (complete seizure cessation 
of electrographic seizures and no recurrence of SE 
during admission) and nonresponders (cessation of 
electrographic seizures with recurrence of SE during 
the same admission or no cessation of SE). Ketamine 
doses were not significantly different between respond-
ers and nonresponders; patients were administered a 
loading dose (101–105 mg) and started on a ketamine 
infusion (0.69–6 mg/kg/hr). Ultimately, 12 of 24 patients 
(50%) were classified as responders. All 12 responding 
patients’ EEGs showed significantly more beta activity 
superimposed to the background 1 hour after ketamine 
was initiated compared with only 4 of 12 (33.3%) in the 
nonresponder group (p = 0.001). Further statistically sig-
nificant differences were seen between the responder 
and nonresponder groups’ EEG backgrounds at the 
ketamine peak dose. Theta with superimposed beta 
activity was seen in 11 of 12 (91.6%) responders and only 
4 (33.3%) nonresponders (p = 0.003); sustained beta 
activity was statistically significantly observed in 11 of  
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12 (91.6%  responders) and 1 of 12 (8.3%) nonresponders 
(p = 0.005). In contrast to Jacobwitz et al24 and Gas-
pard et al,23 time to ketamine initiation was not found 
to be significantly different between responders and 
nonresponders.26 Like Jacobwitz et al,24 however, vary-
ing clinicians documented, interpreted, and analyzed 
a myriad of data points—thus limiting consistency and 
increasing the potential for bias.26 Machado et al26 did 
not report any side effects in their subjects through-
out the duration of the study. The authors concluded 
background superimposed beta activity induced by 
ketamine could be an early, reliable EEG finding indicat-
ing the success of SE termination.26

Perlmutter et al27 reported promising results in a 
6-patient case series using IV and IM ketamine as a 
prehospital, second-line ASM for pediatric seizures 
refractory to benzodiazepines. All 6 patients (aged 
18 months to 10 years) received ketamine after multiple 
doses of benzodiazepines (diazepam PR/IV, midazolam 
IN/IM/IV) and/or levetiracetam IV; 5 patients (83%) 
received ketamine IV at doses ranging from 1.6 to 
2.5 mg/kg and 1 patient (17%) received IM ketamine at 
a dose of 4.1 mg/kg. All 6 patients were noted to have 
seizure resolution after ketamine, and only 1 patient 
experienced further seizures after presentation to the 
emergency department. Only 1 patient was noted to 
have any side effects; this ventilator-dependent patient 
was noted to have a decreased oxygen saturation of 
70% after ketamine administration. Baseline oxygen 
saturation was not recorded. It is unclear if the desatura-
tion was related to the patient’s underlying respiratory 
condition, prolonged seizures, or ketamine administra-
tion. Perlmutter et al27 acknowledged the small sample 
size and retrospective review of emergency medical 
services records as limitations but concluded that, 
despite these limitations, ketamine might appear to be 
a safe and useful medication in the prehospital setting 
for seizures unresponsive to benzodiazepines.27 This 
report is unique in that it provides evidence of safe and 
efficacious applications in a prehospital setting as most 
literature examines ketamine administration in-hospital 
and as a later-line option. While this case review alone 
is not compelling enough to warrant protocol changes, 
it could perhaps spur the design and implementation of 
more robust trials. This could further elucidate optimal 
ketamine implementation in pre- and in-hospital seizure 
emergencies.

Pin et al28 described their experience with ketamine 
in a patient with neonatal seizures. The authors ad-
ditionally systematically reviewed 7 other cases of 
ketamine application in neonatal seizures. In the single 
case report from their institution, a term male with an 
uneventful gestational period and birth presented with 
apneic spells and bilateral clonic jerks at 18 hours of 
life. An EEG subsequently revealed multifocal seizures, 
and magnetic resonance imaging showed abnormal 
diffusion restriction in fronto-temporal-parietal corti-

cal/subcortical regions and thalamus bilaterally. The 
patient’s seizures worsened and soon developed into 
RSE (unresponsive to phenobarbital, levetiracetam, 
phenytoin, midazolam, lidocaine, and pyridoxine). Thio-
pental reduced clinical seizures, but electrical seizures 
persisted. Ketamine 10 mcg/kg/min was initiated and 
titrated up to 100 mcg/kg/min. Electroclinical seizures 
ceased, and all other ASMs and sedative medications 
were able to be tapered to discontinuation. Unfortu-
nately, imaging showed diffuse white matter edema 
and bilateral necrotic lesions; the patient had severe 
neurologic impairment, extensive brain damage, and 
the absence of spontaneous respiratory activity and 
ultimately passed at day 23 of life. In the subsequent 
review of 7 other cases, 6 of 7 patients had seizure 
cessation, and 1 had seizure reduction in the acute 
phase with the addition of ketamine (1.5–100 mcg/kg/
hr). Most patients received phenobarbital as the first 
line, followed by phenytoin, midazolam, levetiracetam, 
lacosamide, and/or propofol; ketamine was the third or 
later line ASM in 6 of 7 patients. Two patients passed 
after withdrawal of care due to poor prognosis. At 
follow-up (3–17 months), 3 of the remaining 5 patients 
achieved complete seizure cessation; only 1 patient had 
poor control of seizures. Pin et al28 concluded ketamine 
could likely be used safely as a third-line ASM in neona-
tal status epilepticus—especially given the alternative 
mechanism compared to the traditional GABAnergic 
ASM. While these results and analyses seem promis-
ing, caution must be observed as a singular case report 
may not provide strong data for clinical action. It does, 
however, yield promise in the potential for larger-scale 
future studies in neonates.28

Ketamine is generally well tolerated when used for 
SE. Gaspard et al23 reported a discontinuation rate of 
7% (n = 4). One patient developed a propofol-related 
infusion syndrome-like reaction (4 mg/kg/hour for 
4 days). Supraventricular tachycardia (n = 2) and an 
idiopathic adverse reaction (n = 1) led to ketamine 
discontinuation as well.23 Sabharwal et al29 reported 
hypothermia incidences in 41 of 79 patients (52%) 
treated with ketamine; higher ketamine infusion rates 
and longer durations appeared to be statistically 
significant (p = 0.001 and p = 0.048, respectively) in 
those who did and did not experience hypothermia. 
Jacobwitz et al24 reported adverse effects requiring 
intervention in 3 of 69 patients (4%). One patient 
experienced delirium requiring quetiapine administra-
tion; 2 patients experienced hypertension requiring 
intervention and ketamine infusion wean.24 Pin et al28 
did not report any side effects in the 8 case reports 
of ketamine use in neonatal SE.

The retrospective nature of many of these studies 
presents commonly observed barriers to interpreta-
tion—lack of control for comparison, recall bias, poten-
tial for missing data, and so on. It should be considered 
that the severity of the episode may  influence the 
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response or lack of response to ketamine. Alterna-
tively, it cannot be completely ruled out there may be 
spontaneous resolution of SE or that positive response 
may be a result of cumulative or delayed effects of 
concomitant medications.

Ketamine presents a unique opportunity to add to the 
treatment options for refractory and super refractory 
status epilepticus in pediatric and neonatal patients. 
Most seizure rescue medications target inhibitory 
pathways via GABA and GABA receptors. Ketamine 
provides an alternative mechanism through the down-
regulation of excitatory neurologic pathways via NMDA 
antagonism. Additionally, ketamine could have potential 
for alternative routes of administration in which other 
seizure rescue medications are limited. The intranasal 
route for benzodiazepines for seizure rescue is quite 
established.30,31 Intranasal ketamine administration for 
various indications such as migraine, pain, and depres-
sion are reported in the literature.10,13,14,32 However, only 
anecdotal reports of intranasal ketamine for seizure 
rescue exist, indicating an area for future exploration 
and research that could potentially benefit patients. 
Ketamine appears to have a relatively mild side effect 
emergence when used for seizure cessation; side 
effects may be attenuated by minimizing dose and 
exposure time if possible. The American College of 
Emergency Physicians does present potential hesita-
tion for use in infants younger than 3 months of age; 
the organization considers ketamine use in this popu-
lation an absolute contraindication due to the higher 
risk of airway complications.8 However, in emergent 
situations where seizure control is of utmost impor-
tance, patient airways are often established, and the 
use of ketamine for a short period of time could prove 

to have more benefits than risks. Position within the 
treatment cascade is not yet established, given reports 
of improved outcomes with early initiation and other 
studies that show no significant difference in initiation 
latency. More robust controlled trials are needed, but 
data are promising and could be considered in patients 
with particularly refractory seizures unresponsive to at 
least 2 traditional rescue ASMs.

Memantine. Memantine is presently FDA approved 
for the treatment of moderate to severe Alzheimer’s de-
mentia.33,34 [see Table 2]Off-label uses include depres-
sion, schizophrenia, obsessive-compulsive disorder, 
substance misuse, pervasive developmental disorders, 
bipolar disorder, and binge eating (although some data 
may be lacking).35 In pediatric patients, memantine is 
frequently used in the treatment of attention-deficit/hy-
peractivity disorder and autism spectrum disorder.35–37 
The NMDA receptor antagonist, however, has shown 
promise in certain types of epilepsy. NMDA recep-
tors are ligand-gated cation channels that mediate a 
calcium-permeable component within the excitatory 
pathway.38 Through NMDA antagonism, pathologic 
glutamate serum concentrations can be dampened, 
thus downregulating excitatory neuronal pathways and, 
possibly, reducing seizures and seizure potential. Ad-
ditionally, memantine is thought to have some potential 
anti-inflammatory effects—a particularly interesting 
characteristic in the treatment of epileptic encepha-
lopathies, as neuroinflammation is thought to play a 
role in epileptogenesis.36,39 In some cases, specific 
genetic mutations associated with the NMDA receptor 
and identified in cases of epilepsy (e.g., GRIN1, GRIN2a, 
GRIN2b) may be particularly susceptible to the positive 
effects of memantine on seizure control.38

Table 2. Memantine Dosing, Pharmacokinetic, and Clinically Relevant Interaction Summary33,34

Labeled/Reported 
Dosing

PO IR: 5–20 mg/day divided 1–2× daily 
ER: 7–28 mg daily 
(Indications: Alzheimer’s disease, dementia)

Pharmacokinetics Peak 3–7 hr (IR); 9–12 hr (ER)
Absorption Well-absorbed; not affected by food 
Distribution 9–11 L/kg
Protein binding 45%
Metabolism Partially hepatic
Half-life ~60–80 hr
Excretion Urine (74%; ~48% as unchanged drug)

Interactions Enhanced memantine 
adverse/toxic effect

NMDA receptor antagonists; trimethoprim (increased risk of 
myoclonus)

Increased memantine serum 
concentration

Alkalinizing agents; carbonic anhydrase inhibitors

Commercially 
Available US 
Formulations

Capsule ER 24 hr, oral 7 mg, 14 mg, 21 mg, 28 mg
Solution, oral 2 mg/mL
Tablet, oral 5 mg, 10 mg

ER, extended release; PO, oral; IR, immediate release; NMDA, N-methyl-D-aspartate
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In 2023, Schiller et al39 performed a single-center, 
randomized, double-blind, placebo-controlled cross-
over clinical trial examining memantine therapy in pedi-
atric patients with developmental and epileptic enceph-
alopathy (DEE)—severe epilepsy with childhood onset 
characterized by refractory seizures, developmental 
regression, and EEG abnormalities. Patients with DEE 
frequently have genetic abnormalities or inflammation 
after a brain injury; additionally, behavioral disturbances 
often accompany cognitive deficits, presenting unique 
and often challenging quality of life considerations for 
the patients and caregivers. Patients aged 6 to 18 and 
over 20 kg were included. Patients were randomized to 
receive memantine followed by placebo or vice versa. 
Memantine doses were increased in a stepwise manner 
(5 mg daily × 1 week; 5 mg twice daily × 1 week; 5 mg + 
10 mg × 4 weeks); a 2-week washout period was applied 
between memantine/placebo treatment changes, and 
a final evaluation was performed at week 16. Investiga-
tors assessed treatment response via caregiver seizure 
diary and EEG obtained after each treatment phase 
compared with baseline as interval worsening, no sig-
nificant change, or interval improvement. The primary 
outcome was responder rate (defined as having 2 of the 
following: > 50% reduction in seizure frequency, EEG 
improvement, caregiver impression of improvement, 
or clear improvement on neuropsychological testing). 
Ultimately, 27 patients enrolled. Epilepsy syndromes 
of enrolled patients included DEE of unknown etiol-
ogy (n = 12), Dravet Syndrome (DS, n = 5), DEE with 
spike-and-wave activation in sleep (n = 3), and Len-
nox Gastaut Syndrome (LGS, n = 3); other syndromes 
reported with an n of 1 were infantile epileptic spasms 
syndrome, epilepsia partialis continua with regression, 
epilepsy with myoclonic-atonic seizures, and febrile 
infection–related epilepsy syndrome. Primary etiolo-
gies included SCN1a pathogenic variant (n = 6 [22%]) or 
known or suspected prenatal/perinatal brain injury (n = 
5 [19%]); other etiologies with an n of 1 included GRIN1 
pathogenic variant, GRIN2B likely pathogenic variant, 
DYNC1H1 pathogenic variant, biallelic POLG pathogenic 
variants, CLCN4 likely pathogenic variant, and brain 
malformation. A further 10 patients were classified as 
having an unknown etiology. The memantine group 
had a statistically significant higher responder rate 
compared with placebo (9 [33%] vs 2 [7%], p < 0.04). 
Additionally, of those patients on whom EEGs could be 
obtained (patients were excluded from EEG monitoring 
if there was a known history of continuous spike wave in 
sleep), the memantine group had statistically significant 
EEG improvement and seizure improvement compared 
with placebo (8 [30%] vs 2 [4%], p < 0.04 and 8 [30%] 
vs 2 [4%], p < 0.04, respectively). While perceived be-
havioral improvements per caregiver impressions were 
not statistically significant between treatment groups, 
there was a numerical clinical improvement noted (10 
[37%] vs 7 [26%]). Unfortunately, subgroups of epilepsy 

syndromes and genetic etiologies were too small to 
perform subgroup analyses. No serious adverse effects 
were reported. Ultimately, Schiller et al39 concluded 
memantine could be a potentially efficacious medica-
tion in children with DEE.

Memantine application within the spectrum of 
epilepsy could potentially be further individualized. 
Several reports of improved efficacy in the presence 
of specific genetic mutations have been reported. 
Bouhadoun et al36 retrospectively reviewed experi-
ences with 8 pediatric patients aged 2 to 16 years, 
who were receiving memantine for a neurologic 
diagnosis.36 Of these 8 patients, 4 had a diagnosis of 
epilepsy (2 with DEE; 1 with drug-resistant focal epilepsy 
and suspected autoimmune encephalitis; 1 with focal 
epilepsy). Of these 4 patients, all had genetic testing 
results revealing the following mutations: GRIN2A VUS 
[c.2888 T>C, p.Leu963Pro], Biallelic PLCB1 pathogenic 
variants, likely pathogenic ATP1A2 variant, and vari-
ant of uncertain significance in ATP6. Only 1 patient’s 
seizures were well controlled at baseline; otherwise, 
seizure frequency ranged from 3 to 5 seizures per 
month, with up to 2 to 6 seizure clusters per day. Initial 
memantine dose in epilepsy patients ranged from 0.1 
to 0.17 mg/kg/day (max 5 mg/day); doses were titrated 
up to a maximum range of 0.2 to 1 mg/kg/day (max 
20 mg/day). In 1 patient with DEE, seizure frequency 
significantly decreased from 3 to 4 seizures per day to 
approximately 4 seizures per year, while in the other 
patients, no clear benefit was observed. Of note, the 1 
patient with significant response to memantine was the 
patient with the GRIN2A mutation. GRIN2A is the gene 
that encodes the 2A subunit of the NMDA receptor; the 
authors hypothesized that the clinical benefit in seizure 
reduction could have been due to the targeted effect 
on an overactive mutant receptor.36 Small sample size 
limits generalizability and limits statistical conclusions 
due to insufficient power for analyses. However, these 
findings provide a potential jumping-off point for larger, 
more robust studies to examine memantine and GRIN2 
mutations.

Similarly, other smaller case studies have reported 
success with memantine in GRIN-related mutations. Mir 
et al40 reported success in a pediatric patient with West 
Syndrome, likely secondary to a GRIN2A mutation. The 
3-year-old male patient’s genetic testing revealed a 
heterozygous GRIN2A variant [c.1083G>A(p.Leu361=]. 
Of previously trialed ASMs, lacosamide and the ke-
togenic diet had some benefits, but he continued to 
have epileptic spasms. He was initiated on memantine 
0.15 mg/kg/day and titrated up to 1 mg/kg/day. After 
memantine initiation, the patient achieved seizure ces-
sation for nearly 10 months. The only recurrence was 
due to a febrile illness, and the patient returned to a 
seizure-free state thereafter.40

Li et al38 described their experience with the ap-
plication of memantine in 2 patients with GRIN2D 
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mutations (c.1999G>A (P.Val667Ile)) in the setting of 
refractory epilepsy. For the first patient, a 6.5-year-
old female, memantine was initiated at 2 mg daily for 
1 week and titrated up by 2 mg weekly to a goal dose 
of 20 mg daily (0.85 mg/kg/day). As no improvement 
of clinical or subclinical seizures on EEG was noted 
and memantine was subsequently discontinued; how-
ever, after memantine discontinuation, complex focal 
seizures became more frequent and memantine was 
restarted and escalated to 20 mg/day (1.3 mg/kg/day). 
While memantine was well tolerated, the patient did 
not see any further improvement. Of note, after many 
medication changes and admissions, oral ketamine and 
magnesium appeared to resolve subclinical seizures, 
and the patient remained clinically seizure free. The 
second patient, a 2.5-year-old female, was initiated on 
0.5 mg/kg/day of memantine. At baseline, the patient 
reported 29 seizures over the 5 days before memantine 
initiation (5.8 seizures/day). After memantine initiation, 
during the 5 days preceding discharge, the patient’s 
seizure burden had reduced by 59% (2.4 seizures/
day). Moreover, at a 3-week follow-up, the patient 
had complete seizure freedom, and developmental 
improvement was noted (e.g., improved visual fixation, 
motor development progress).38

Overall, memantine appeared to be well tolerated 
among the previous reports. Common side effects 
noted on medication labeling include confusion, diz-
ziness, headache, agitation, hallucinations, abdominal 
pain, and urinary retention.33 Schiller et al39 described 
1 patient with reported “deterioration of behavior” after 
starting memantine, which led clinicians to discontinue 
memantine. However, this behavior was felt to be 
within the patient’s baseline behavior fluctuation, and 
no improvement in behavior fluctuations was seen 
after memantine discontinuation.39 Bouhadoun et al36 
reported 1 patient experiencing nocturnal incontinence 
and another experiencing decreased appetite (neither 
of which were patients with epilepsy).

Memantine, especially applied in cases of identified 
genetic mutations, could be especially helpful in the 
treatment of drug-resistant epilepsies. However, more 
robust studies are needed to further bolster seem-
ingly safe and effective reports. While current data 
are promising, responses can be quite variable—even 
with similar genetic mutations. Factors such as age, 
mutation-specific impacts, or treatment timing could 
potentially affect results; thus, more data are needed 
to truly determine memantine’s true role in precision 
medicine. Many factors (e.g., epileptic syndrome 
diagnosis, seizure type, genetic mutations, age, etc.) 
may affect patient response and need and should be 
weighed seriously when considering memantine in 
the treatment of drug-resistant epilepsies. Meman-
tine, regardless, appears to show promise in many 
instances and could be considered in patients with 
GRIN mutation–related epilepsies and patients with 

DEE when traditional ASMs do not appear to produce 
an adequate response.

Quinidine. Quinidine is an older medication tradition-
ally used in treating malaria and cardiac arrhythmias. 
[see Table 3] Specifically, the Class Ia antiarrhythmic 
has an FDA indication for the treatment of atrial fibril-
lation/flutter conversion, reduction of frequency of 
relapse into atrial fibrillation/flutter, and suppression 
of ventricular arrhythmias.41,42 It exerts antiarrhythmic 
activity by depressing rapid, inward depolarizing so-
dium currents in cardiac muscle and Purkinje fibers 
ultimately slowing phase-0 depolarization and reducing 
amplitude without affecting resting potential.41–43 Use 
largely ceased when its proarrhythmic potential due 
to QT prolongation and gastrointestinal intolerance 
became more widely observed.44 Recent studies and 
meta-analyses of quinidine for antiarrhythmic therapy 
demonstrated increased mortality—especially in those 
with structural heart disease.41,42 Of note, the 2 salt for-
mations available (quinidine gluconate and quinidine 
sulfate) are not interchangeable. Additionally, the IV 
formulation is discontinued in the United States. In the 
treatment of malaria, quinidine appears to act primarily 
as an intra-erythrocytic schizonticide (an agent selec-
tively destructive of the multinucleated form stage of a 
sporozoan parasite) and is gametocidal to Plasmodium 
vivax and Plasmodium malariae (not to Plasmodium 
falciparum).41,42,45

Recently, quinidine has been investigated as a 
treatment for epilepsies secondary to KCNT1 variants. 
KCNT1 encodes a potassium sodium–activated channel 
subfamily T member 1, and mutations in the gene typi-
cally result in channel gain-of-function, the magnitude 
of which correlates with the clinical severity of epilepsy. 
This gene has been implicated in several epilepsy 
syndromes, including autosomal-dominant nocturnal 
frontal lobe epilepsy (ADNFLE) and epilepsy of infancy 
with migrating focal seizures (EIMFS). KCNT1-related 
epilepsy, notably, typically responds poorly to conven-
tional ASM treatment and can significantly negatively 
affect the patient’s (and caregiver) quality of life.46,47

An observational, multi-institutional study of 43 
KCNT1-related epilepsy patients was performed by 
Fitzgerald et al48 in 2019. The team sought to compare 
the response to traditional treatments as well as quini-
dine in the cohort of KCNT1 patients (which, remark-
ably, is one of the world’s largest databases of KCNT1 
epilepsy patients). Clinical phenotypes of enrolled 
subjects included EIMFS (n = 28), early-onset epileptic 
encephalopathy (EOEE) (n = 9), and ADNFLE (n = 6). 
To ensure the response to quinidine was not transient, 
seizure reduction was considered sustained if a per-
cent reduction in seizures lasted for at least 3 months. 
Quinidine was utilized in 20 patients with daily doses 
ranging from 30 to over 90 mg/kg/day. Quinidine was 
not utilized in any of the patients with ADNFLE but was 
utilized in 17 EIMFS (61%) and 3 early-onset epileptic 
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encephalopathy (33%) patients. Sustained seizure free-
dom was observed in only 1 patient (5%); a more than 
50% reduction was observed in 4 patients (20%)—all 
of whom had a KCNT1 epilepsy phenotype of EIMFS. 
Worsened seizures were reported in 3 subjects (15%). 
Also of note, no statistically significant difference in 
seizure frequency was noted between patients receiv-
ing quinidine versus those not receiving quinidine. 
Those patients who responded to quinidine appeared 
to be older. The authors additionally evaluated variant-
specific responses. The KCNT1 variant G288S demon-
strated both responsiveness and nonresponsiveness 
to quinidine. Patients with the R474H variant saw no 
quinidine response. Additionally, patients with R929Q, 
R950Q, and R961S variants demonstrated transient sei-
zure freedom for at least 1 month. These 3 variants are 
notably immediately distal to the NADP domain within 
the RCK2 domain on the KCNT1 protein. This region, 
the authors note, is “hypothesized to be important in 
coupling sensitivity to intracellular sodium levels with 
channel gating.” Though results are not as promising as 
other reports in nontraditional ASMs, authors highlight 
an important population and that future studies may 
be targeted at efficacy in patients with KCNT1 variants 
G288S, R929Q, R950Q, and R961S. It may be difficult, 

however, because of the small patient population of 
known patients with KCNT1 epilepsy.48

Mullen et al49 performed a single-center, random-
ized, blinded, placebo-controlled crossover trial of oral 
quinidine in patients with ADNFLE secondary to KCNT1 
mutation.49 The difference in video EEG-measured 
seizure frequency between quinidine and placebo was 
noted as the primary outcome; secondary endpoints 
included a 50% response rate, tolerability, and par-
oxysmal arousal rate. Six patients were enrolled and 
randomized; 4 were adults (ages 28–54), while 2 were 
pediatric subjects (ages 15 and 17 years). Subjects re-
ceived either drug or placebo for 2 blocks of 4 days with 
a 2-day washout period between blocks; a 2-day post-
completion inpatient stay was applied to ensure patient 
safety. Four patients ultimately completed the trial as 2 
patients (patient 1 and patient 2) were withdrawn due 
to dose cardiac toxicity. Patients 1 and 2 were initiated 
on a dose of 900 and 600 mg/day, respectively. The 
serum concentrations of these 2 patients were below 
the normal antiarrhythmic therapeutic range (0.61 and 
0.51 mcg/mL, respectively). Subsequent subjects were 
initiated at a dose of 300 mg/day. The remaining 4 
patients did not experience adverse events. Of the 4 
patients completing the study, 3 were observed to have 

Table 3. Quinidine Dosing, Pharmacokinetic, and Clinically Relevant Interaction Summary41,42

Labeled/Reported Dosing IV (gluconate) Loading: 10 mg/kg over 60–120 min 
Maintenance: 0.02 mg/kg/min 
(Indication: malaria [severe/life-threatening])

PO (sulfate) 15–60 mg/kg/day divided every 6 hr 
(Indication: tachyarrhythmia [SVT, AFib, AF, 
VT])

Pharmacokinetics Peak 2 hr (sulfate); 3–5 hr (gluconate)
Bioavailability 45%–100% (sulfate); 70%–80% (gluconate)
Distribution 2–3 L/kg (adults)
Protein binding 50%–70% (neonates, infants); 80%–88% 

(older pediatric, adults)
Metabolism Hepatic (50%–90%)
Half-life 3–4 hr (pediatrics); 6–8 hr (adults)
Excretion Urine (5%–20% unchanged)

Interactions Decreased quinidine serum 
concentration

CYP3A4 inducers (moderate, strong)

Increased quinidine serum 
concentration

CYP3A4 Inhibitors (moderate, strong); 
grapefruit juice

Increased concomitant 
medication serum concentration

Carbamazepine; everolimus; fenfluramine; 
midazolam; sirolimus (X)

Increased risk of cardiac side 
effects (bradycardia, QTc 
prolongation)

Citalopram (X); lacosamide; propofol; 
quetiapine (X)

Commercially Available 
Formulations

Tablet ER, oral (gluconate) 324 mg
Tablet, oral (sulfate) 200 mg, 300 mg

AF, atrial flutter; AFib, atrial fibrillation; ER, extended release; IM, intramuscular; IN, intranasal; IR, immediate release; IV, intravenous; PO, oral; 
SVT, supraventricular tachycardia; VT, ventricular tachycardia; X, contraindicated
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increased focal seizures, and 2 had increased paroxys-
mal arousals. Seizure frequency was not significantly 
different between placebo and quinidine groups (p = 
0.15). Though the sample size is small, Mullen et al49 
demonstrated quinidine is likely not just inefficacious 
but can worsen seizures in patients with ADNFLE sec-
ondary to a KCNT1 mutation.

Mikati et al50 reported 2 patients with EIMFS 
caused by KCNT1 mutations. Patient 1, an 11-year-old 
female, had a heterozygous de novo KCNT1 mutation 
(NM_020822.1:c.2386T>C; p.[Tyr796His], Y796H) 
which was previously reported in a family with AD-
NFLE. The Y796H variant resulted in a significantly 
greater magnitude of peak current in channels com-
pared with the wild type during in vitro testing. When 
quinidine was applied in vitro, there was significant 
inhibition of the Y796H channel, ultimately reducing 
currents. Patient 1 was thus admitted on 3 separate 
occasions for quinidine dose initiation/titration; quini-
dine was initiated and titrated over 3 days to 11, 40, 
and 54 mg/kg/day divided into 3 doses. On the last 
admission, the mean serum quinidine concentrations 
did not appear to increase, and QT prolongation was 
noted; the dose was subsequently reduced from 54 
to 34 mg/kg/day. The patient did not have a statisti-
cally significant reduction in seizure frequency from 
baseline, though minimal reduction was reported from 
baseline (3.1 seizures/day) to a quinidine dose of 34 
mg/kg/day (2.8 seizures/day). EEGs did not show any 
significant changes throughout any admission, but 
investigators reported minimally improved alertness 
and interaction.50

The second case was a 3-year-old male with a de 
novo KCNT1 mutation (NM_020822.2:c.1887G>C; 
p.[Lys629Asn], K629N).50 In vitro functional testing 
showed the K629N variant was also a GOF and in-
creased channel magnitude (greater than that of the 
Y796H variant). Of note, quinidine application was less 
effective in channel current reduction in the K629N 
mutation compared with the wild type or Y796H. At 
quinidine initiation, the EEG showed interictal multifo-
cal spikes, ictal electrodecremental fast beta rhythms, 
and multifocal subclinical electrographic seizures. 
Additionally, multiple daily seizures were present, mag-
netic resonance imaging showed diffuse atrophy, and 
the patient had failed 8 ASMs and the ketogenic diet. 
Three admissions for treatment titration occurred. On 
the first admission, quinidine was initiated at 12 mg/kg/
day divided 3 times per day and was titrated up to 22.6 
mg/kg/day in 3 divided doses over 4 days. During the 
second admission, quinidine was titrated further over 
4 days to a dose of 34.4 mg/kg/day in 3 divided doses. 
Mean quinidine serum concentrations reached 0.3 
and 0.77 mcg/mL after the second and third titrations, 
respectively. The patient experienced an 80% reduc-
tion in seizure frequency (mean baseline daily seizure 
frequency = 4.15 seizures/day vs quinidine treatment 

34 mg/kg/day = 0.83 seizures/day). Investigators also 
noted patient 2 was more alert and more interactive 
and did not have QT interval changes.50

Bearden et al51 reported another 3-year-old fe-
male with EIMFS and a KCNT1 mutation (c.1283G>A; 
p.Arg428Gln) treated with quinidine. The patient previ-
ously trialed phenobarbital, levetiracetam, phenytoin, 
topiramate, valproic acid, lamotrigine, clorazepate, 
gabapentin, clobazam, and ketogenic diet without 
significant seizure reduction. A baseline seizure fre-
quency of 5 seizures per day and developmental arrest/
regression were noted. Upon admission, the ASM regi-
men consisted of topiramate, levetiracetam, clobazam, 
gabapentin, and ketogenic diet before quinidine was 
added up to 100 mg every 6 hours (33 mg/kg/day). After 
1 week at the target dose, the patient became seizure 
free and remained seizure free for the next 6 weeks. Ad-
ditionally, development appeared to improve and was 
characterized by improved head control, an increase 
in spontaneous movement, alertness, and initiation of 
single-word speech. After 6 weeks, seizures returned 
at a rate of 0 to 2 seizures/day; quinidine was increased 
to 42 mg/kg/day, and seizures again resolved. This 
resolution continued for nearly a year except for slight 
seizure emergence during times of illness. Quinidine 
serum concentrations remained within a typical thera-
peutic range for arrhythmia treatment (1.5–4 mcg/mL). 
No adverse effects were observed.51

Abdelnour et al52 described 3 cases of quinidine 
treatment in patients with KCNT1-related epilepsy. The 
authors defined response as a greater than 50% reduc-
tion in seizure frequency. Of note, older patients (9 and 
13 years old) did not respond to quinidine doses of 60 
and 36 mg/kg/day divided 3 times daily and had focal 
seizures and asymmetric tonic seizures, respectively. 
However, a 3-month-old patient EIMFS went from 3.2 
seizures/hour at baseline to 1 seizure/hour on quinidine 
40 mg/kg/day divided 3 times daily. Abdelnour et al52 
concluded that, after analysis of the current literature, 
response to quinidine might be age dependent and 
patients younger than 4 years may be more likely to 
respond to quinidine.

In contrast, Chong et al53 described a lack of efficacy 
using quinidine treatment in a 6-year-old male with a 
gain of function KCNT1 mutation (R428Q) and without 
a diagnosis of EIMFS. Before quinidine initiation, base-
line seizure frequency was 106 ± 13.3 seizures/month. 
Quinidine was initiated and adjusted to maintain serum 
quinidine concentration troughs of 1.5 to 3 mcg/mL 
(maximum dose reached: 73 mg/kg/day). Unfortunately, 
the authors noted no improvement in seizure frequency 
after quinidine therapy.53

A successful case report of quinidine treatment in 
a 12-year-old male with LGS with a KCNT1 mutation 
(c.625C>T) was described by Jia et al54 in 2019. The 
patient had no history of perinatal asphyxia, head 
injury, or encephalitis and an unremarkable family 
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 history of seizures. In fact, the patient was seizure free 
until the age of 10 years. The patient was refractory to 
valproate, levetiracetam, clonazepam, topiramate, and 
lamotrigine and experienced multiple seizure types, 
including tonic, atypical absence, myoclonic, and 
generalized tonic-clonic refractory to valproic acid, le-
vetiracetam, clonazepam, topiramate, and lamotrigine. 
Given the refractory nature of the patient’s seizures 
and the identification of the KCNT1 mutation, a trial 
of quinidine was approved by the institution’s ethics 
committees, guardians, and physicians. In the month 
before quinidine initiation, 16 tonic, 12 atypical absence, 
10 myoclonic, and 1 generalized tonic-clonic seizure(s) 
were documented. Quinidine was initiated at 5 mg/kg/
day in 3 divided doses and was titrated over 4 months 
up to 13.75 mg/kg/day in 3 divided doses; the patient 
was maintained at this dose for another 4 months. At 
the end of the assessment period, tonic seizures were 
reduced to 4 seizures per month (75% reduction); other 
seizure-type frequencies remained the same. No side 
effects were noted, and the QTc interval remained 
normal throughout therapy.54

Quinidine side effects on labeling range from diar-
rhea (24%), to fever, rash (6%), arrhythmia, abnormal 
electrocardiogram, dizziness (3%), and cerebral isch-
emia (2%).41,42 Fitzgerald et al48 similarly reported seda-
tion (11%), arrhythmia (5%), elevated liver function tests 
(5%), and rash (5%). However, the most common side 
effect with quinidine therapy in the reviewed manu-
scripts appears to be QTc prolongation—Fitzgerald et 
al48 reporting a 47% rate.50,52 Prolongation may require 
dose reduction. Specifically, FDA labeling recommends 
a reduction if the QRS complex widens to 130% of the 
pretreatment duration; the QTc interval widens to 130% 
of pretreatment duration and is more than 500 ms; the 
P waves disappear; or if the patient develops significant 
tachycardia, symptomatic bradycardia, or hypotension. 
Monitoring is recommended for 2 to 3 days once the 
appropriate dose has been attained.41,42 Otherwise, in 
the reviewed reports, quinidine appeared to be well 
tolerated.50,52

Quinidine may have some value repurposed to treat 
KCNT1-related epilepsies. There are conflicting reports 
in regard to age and potential response to quinidine; 
in the largest observational review, authors concluded 
older pediatric patients responded more favorably to 
quinidine than their younger counterparts (median 
age 4 years vs 11 months, respectively). Patients with a 
diagnosis of EIMFS appear to respond more favorably 
compared with other KCNT1-related epilepsies based 
on current available data. Even at higher doses, serum 
concentrations did not seem to rise above normal 
antiarrhythmic ranges of 2 to 5 mcg/mL. Rather, the 
therapy-limiting factor appears to be QTc prolongation, 
suggesting regular cardiac monitoring would be wise if 
considering initiation. Unfortunately, most conclusions 
to date are tenuous as they are gleaned from case stud-

ies, case series, or small retrospective reviews. While 
intriguing, it is arguably still contentious to consider 
the clinical application of quinidine unless all other 
reasonable ASMs have been trialed—and even then, 
great caution and consideration must be taken. While 
more data are needed to define dosing and substanti-
ate efficacy claims, in patients with KCNT1-related epi-
lepsy who have exhausted all traditional ASM options, 
quinidine could be considered with great thought and 
caution while closely monitoring for increased seizure 
frequency with initiation and titration.

Riluzole. A member of the benzothiazole class, 
riluzole is presently indicated for the treatment of 
amyotrophic lateral sclerosis; however, riluzole also 
appears to have some neuroprotective properties in 
other neurologic diseases (e.g., traumatic brain injury, 
Parkinson’s Disease, Alzheimer’s Disease).55,56 [see 
Table 4] The exact mechanism of action in the treatment 
of amyotrophic lateral sclerosis is not fully elucidated; 
however, riluzole is known to be a glutamate inhibitor; 
specifically, riluzole exerts action pre- and post-synapse 
via inhibition on glutamate release and inactivation of 
voltage-dependent sodium channels.55–59 Some reports 
suggest riluzole may inhibit potassium and calcium 
channel activity and/or protein kinase C.60 Riluzole may 
additionally exert an ability to interfere with intracel-
lular events after the binding of neurotransmitters at 
excitatory amino acid receptors as well as strength-
ening GABAergic neurotransmission.55–57 All of these 
modalities considered, the basis of seizure control 
may be partially attributed to the balance of excitatory 
and inhibitory action potentials. The downregulation 
of excitatory potential could be achieved, in part, with 
the inhibition of glutamate and glutamatergic receptors 
and regulation of action potential, and the upregulation 
of inhibitory potential may be achieved by attenuating 
the ability to respond to GABA (all aforementioned 
mechanisms suggested in the efficacy of riluzole in 
neurologic diseases).

Citraro et al56 performed EEG analysis on riluzole’s 
effect in Sprague-Dawley rats with limbic seizures 
(induced by AMPA, kainite, and NMDA receptor ago-
nists) and on Wistar Albino Glaxo/Rijswijk rats with a 
well-validated genetic model of absence epilepsies. 
Riluzole was administered before seizure induction. 
Riluzole appeared to be effective in both models (lim-
bic and absence seizures); furthermore, Citraro et al56  
observed that riluzole acted mainly on the NMDA 
glutamate receptor. Efficacy appeared to be more 
sustained with incremental dose increases (0.5 mg/kg  
< 1 mg/kg < 5 mg/kg < 7.5 mg/kg) with a maximum re-
duction at 90 minutes.56

Tidball et al61 used generated cell culture lines 
from 3 patients with sodium voltage-gated channel 
alpha subunit 8 (SCN8A) epileptic encephalopathy to 
examine the effect of riluzole. SCN8a variants pres-
ent as a spectrum of phenotypes, with a severe DEE 
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most commonly characterized by refractory seizures, 
cognitive and motor impairment, and an increased risk 
of sudden unexpected death in epilepsy. SCN8A DEE 
phenotypes may largely be associated with gain-of-
function variants resulting in severe epilepsy; loss-
of-function variants may also produce generalized 
epilepsy and absence seizures.62–64 These variants af-
fect sodium channel activity; gain-of-function variants 
appear to increase sodium channel activity resulting 
in neuronal hyperexcitability and a higher neuronal 
firing rate—thus increasing the risk for seizure and 
seizures themselves.65 Loss-of-function appears to 
reduce sodium channel firing, resulting in ataxia and/
or myoclonus; in these instances, sodium channel 
blockers could potentially worsen seizures.66,67 In the 
in vitro cellular models described in Tidball et al61, 
phenytoin and riluzole were applied. Both phenytoin 
and riluzole reduced aberrant firing, but riluzole ap-
peared to be more effective in reducing burst spikes 
and mean firing rates compared with phenytoin. Given 
these results, riluzole was initiated in 2 of 3 patients 
whose cells were examined, as well as an additional 
patient—all 3 subjects were suggested to have an 
SCN8a gain-of-function mutation.61

Patient 1, a 16-year-old female with myoclonic and 
gelastic seizure types, experienced approximately 50% 
seizure reduction with riluzole added onto phenytoin, 
clobazam, and topiramate (initial riluzole dose 25 mg/
day; titrated up to 50 mg twice a day over 4 weeks).61 
Patient 1 had 164 recorded seizures (8.2 seizures/wk) 
at baseline and during the first 20 weeks of treatment 
experienced seizure reduction to 83 seizures (4.2 sei-

zures/wk). Patient 3, a 7-year-old female with myoclonic 
jerks, experienced an undefined seizure reduction 
when riluzole was added to levetiracetam treatment 
(initial riluzole dose: 50 mg; titrated up to 75 mg/day). 
At 1 month, the patient was free of myoclonic jerks and 
had a notably improved EEG background. However, 
because of sleepiness, riluzole was reduced to 50 
mg/day; an increase in seizures was noted. Patient 4 
(the additional patient) experienced an initial reduction 
in seizures but returned to the pretreatment baseline 
after 4 months. Unfortunately, all 3 patients ultimately 
discontinued riluzole treatment because of side effects 
(excessive sleepiness, urinary tract infection) or loss 
of efficacy.61

Riluzole labeling specified hepatotoxicity as a po-
tential dose- or therapy-limiting side effect that can 
appear within the first 3 months of use; therapy is not 
recommended if the baseline liver function tests are 
5 times the upper limit of normal or more.55,57 Severe 
neutropenia (ANC < 500/mm3) has also been reported 
within the first 2 months of treatment. Other common 
side effects noted on riluzole labeling include dizzi-
ness, somnolence, asthenia, decreased lung function, 
hypertension, emesis, and urinary tract infection.55,57 Of 
note, higher riluzole serum concentrations are linked 
with a higher risk of adverse effects. Further, patients 
of Japanese descent are more likely to have higher 
serum concentrations of riluzole, thus predisposing 
this particular population to a higher risk of adverse 
effects.55,57 Therapy limiting side effects in human epi-
lepsy patients, though small in number, appear to be 
sleepiness and urinary tract infection.61

Table 4. Riluzole Dosing, Pharmacokinetic, and Clinically Relevant Interaction Summary55,57

Labeled/Reported 
Dosing

PO 50 mg BID 
(Indication: amyotrophic lateral sclerosis)

Pharmacokinetics Peak 0.8 hr
Absorption AUC and peak blood concentrations decreased by high-fat 

meals
Bioavailability ~60%
Distribution ~3.4 L/kg
Protein binding 96%
Metabolism Hepatic (CYP1A2, UGT-HP4) 
Half-life 12 hr
Excretion Urine (90%); feces (5%)

Interactions Decreased riluzole serum 
concentration

CYP1A2 inducers (moderate)

Increased riluzole serum 
concentration

CYP1A2 inhibitors (strong)

Commercially 
Available 
Formulations

Film, oral 50 mg
Suspension, oral 5 mg/mL
Tablet, oral 50 mg

BID, twice daily; PO, oral

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-06-14 via free access



Nontraditional Antiseizure Medications for Refractory SeizuresTurner, A et al

 J Pediatr Pharmacol Ther 2025 Vol. 30 No. 3 317www.jppt.org 

The data for riluzole application in the treatment of ep-
ilepsy are limited and lacking, though potentially promis-
ing in certain populations pending more robust human 
studies. Riluzole, specifically, may yield positive results 
when patients with refractory epilepsy associated with 
an SCN8A mutation have exhausted all feasible options. 
Even still, side effects could hinder prolonged treatment 
durations. Larger retrospective and prospective studies 
are needed to explore dosing, efficacy, and side effects 
in the human population. Prescribing riluzole may pres-
ent its own hurdles. Insurance companies are unlikely 
to cover riluzole for an indication of seizure treatment; 
this may subsequently cause undue financial strain on 
the family and/or affect the patient’s ability to remain 
adherent to a seizure treatment regimen with riluzole. 
Riluzole, while possibly providing some antiepileptic 
activity, should be only considered with great caution, 
given potential access issues and limited information in 
humans for the treatment of seizures.

Trazodone. Initially approved for the treatment 
of major depressive disorder in 1981, trazodone has 

subsequently expanded therapeutic indications over 
the decades, including depression, migraine, agita-
tion, and insomnia.68,69 [see Table 5] Of note, sleep 
disorders appear to be especially prevalent in patients 
with DS due to a myriad of factors, including, but not 
limited to, nighttime seizures, medication side effects, 
enuresis, and dysregulated sleep patterns.70,71 Licheni 
et al71 reported sleep disturbances in 75% (n = 43/57) of 
studied patients with DS; Van Nuland et al70 reported 
sleep was disrupted in 76% (n = 58/76) of DS patients 
due to non-seizure etiologies and in 53% (n = 40/76) 
of DS patients due to seizure etiologies.

The 5HT2a receptor antagonist inhibits serotonin 
reuptake, causes adrenoreceptor sub-sensitivity, 
induces significant 5-HT presynaptic adrenoreceptor 
changes, and significantly blocks histamine (H1) and 
alpha1-adrenergic receptors.68,69 While depression, mi-
graine, agitation, and insomnia are frequent indications 
for trazodone use, some recent animal studies suggest 
trazodone may have some antiseizure effect.68,69 At first, 
this may seem unorthodox. The recently reintroduced 

Table 5. Trazodone Dosing, Pharmacokinetic, and Clinically Relevant Interaction Summary68,69

Labeled/Reported Dosing PO 0.75–2 mg/kg/day divided 1–3× daily (maximum  
200 mg/dose) 
(Indications: insomnia/sleep disturbances; major 
depressive disorder; migraine prophylaxis)

Pharmacokinetics Onset 1–2 wk (depression)
Peak 30–100 min; delayed with food
Absorption Well-absorbed; increased with food
Bioavailability 100%
Protein binding 89%–95%
Metabolism Hepatic; active metabolite (mCPP)
Half-life 5–9 hr (prolonged in obesity) 
Excretion Urine (~74%, < 1% unchanged); feces (~21%)

Interactions Increased CNS 
depression

Barbiturates; benzodiazepines; brivaracetam; 
cannabinoid-containing products; 
dexmedetomidine; felbamate; gabapentin; 
ketamine; lacosamide; lamotrigine; levetiracetam; 
methsuximide; perampanel; propofol; stiripentol; 
tiagabine; topiramate; vigabatrin; VPA; zonisamide

Decreased trazodone 
serum concentration

Carbamazepine; cenobamate; CYP3A4 inducers 
(moderate, strong); Fos/phenytoin; phenobarbital

Increased trazodone 
serum concentration

CYP3A4 inhibitors (moderate, strong)

Increased concomitant 
medication serum 
concentration

Carbamazepine; Fos/phenytoin

Increased serotonergic 
effects

Fenfluramine

Commercially Available 
Formulations

Tablet, oral 50 mg, 100 mg, 150 mg, 300 mg

CNS, central nervous system; IM, intramuscular; IN, intranasal; IR, immediate release; mCPP, meta-chlorophenylpiperazine; PO, oral; VPA, 
valproic acid and derivatives
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fenfluramine is a seemingly effective antiseizure medi-
cation in the treatment of DS and LGS and has potential 
serotonergic implications.72–74 Fenfluramine and its 
metabolite, norfenfluramine, increase extracellular 
serotonin via serotonin transporter protein interaction 
and exhibits serotonin 5HT2 receptor agonist activity. 
Total seizure control may not necessarily be directly 
attributed to fenfluramine’s serotonergic activity, but 
the pathway is notable and may offer an alternative 
effective mechanism for seizure control.72–80 Of note, 
some studies in patients with temporal lobe epilepsy 
have shown reduced 5-HT1A receptor binding and that 
the decreased expression of hippocampal or neocortex 
5-HT1a receptors may result in neuronal hyperexcit-
ability and, therefore, seizure activity.81–84 For these 
reasons, trazodone has been considered and exam-
ined in several preclinical animal studies. Sourbron et 
al75 found selective 5-HT1D, 1E, 2A, 2C, and 7 agonists 
significantly decreased epileptiform activity in zebrafish 
larvae with homozygous SCNa1 mutations.75 Further-
more, local field potential measurements in zebrafish 
larvae forebrains confirmed antiepileptiform activity of 
5-HT1D, 2C, and 2A agonists—especially the latter.75–77 
Griffin et al85 identified 3 novel analogs of clemizole 
that exert meaningful epileptiform activity via 5-HT 
receptors (especially 5-HT2) in DS zebrafish models.

Aygun applied intraperitoneal (IP) trazodone to Wistar 
rats with penicillin-induced epileptiform activity and 
Wistar Albino Glaxo/Rijswijk rats (which represent a ge-
netic absence model) at doses of 5, 10, and 30 mg/kg.86  
While 5 mg/kg doses did not affect frequency or ampli-
tude, the 10 and 30 mg/kg doses significantly reduced 
the frequency of penicillin-induced focal seizure mod-
els. Mean epileptiform activity for 5, 10, and 30 mg/kg  
trazodone doses were reported as 41.57 ± 4.67, 27.87 
± 2.4, and 22.95 ± 2.94 spikes/min, respectively. 
Conversely, all doses produced an increase in spike-
wave discharge frequency and duration in the genetic 
absence model rats.86 Translatability of intraperitoneal 
administration to clinical practice is not feasible for 
regular administration in humans. Further dose find-
ings with oral trazodone would be more beneficial for 
consideration in human studies.

Syntaxin-binding protein-1 (STXBP1) mutations—mis-
sense, nonsense, frameshifts, and deletions—are linked 
to neurodevelopmental disorders and drug-resistant 
epilepsies such as Ohtahara syndrome, DS, LGS, West 
syndrome, and atypical Rett syndrome.87 Seizures as-
sociated with this mutation also include early-onset 
infantile spasms, focal, tonic-clonic, and absence 
seizures. Moog et al87 examined trazodone applied 
in zebrafish larvae models with homozygous STXBP1 
mutations generated using CRISPR-Cas9 gene edit-
ing. A 1-mM trazodone bath was applied to the larvae 
while continuous local field potential recordings were 
obtained (baseline: 0–15 min; 45 min after medication 
exposure = 45–60 min) to monitor for events defined 

as long-duration (> second), large amplitude (> 0.5 mV) 
Type II ictal-like multi- or poly-spike events.87 These 
were specifically monitored because of previous cor-
relations with whole-body convulsive seizure behaviors. 
Events were significantly reduced by 83% with the ap-
plication of trazodone.87

In zebrafish SCN1lab homozygous mutants, night-
time hyperactivity, decreased time spent in the center 
of an open arena, and decreased responsiveness to 
sudden darkness can be used to measure seizure-like 
activity associated with SCN1a mutations.88 In another 
preclinical study, Grone et al88 applied 10-mM solutions 
of various medications, including trazodone. While 
other medications proved to have some effect on the 
reduction of nighttime hyperactivity and increased time 
spent at the center of the arena, trazodone did not have 
any effect on either of these data points.88

Of note, Borowic et al89 examined trazodone’s 
antiepileptic activity and effect on the cerebrospinal 
fluid concentration of other ASMs in mouse models. A 
single dose of up to 40 mg/kg of trazodone did not af-
fect the electroconvulsive threshold. However, chronic 
administration of trazodone 40 mg/kg increased the 
electroconvulsive threshold. Additionally, acute and 
chronic administration of trazodone increased valproic 
acid cerebrospinal fluid concentrations and reduced 
phenytoin concentrations. Chronic administration 
decreased cerebrospinal fluid concentrations of car-
bamazepine and phenobarbital.89

Human studies in the application of trazodone for 
epilepsy are notably absent. Trazodone has been 
shown as relatively safe for use in insomnia, migraine 
prophylaxis, and major depressive disorder; however, 
there still is a risk of increased or worsened seizures in 
patients with epilepsy. More preclinical data are needed 
to determine possibly safe dosing and safe epilepsy 
populations before trials in humans can be initiated. 
However, in the setting of refractory SCN1a-related 
epilepsies, the idea of adding options to the treat-
ment arsenal is promising—especially if trazodone can 
serve dual purposes for the treatment of insomnia and 
reduction in seizures. While theoretical for now, future 
applications of trazodone in these refractory SCN1a 
epilepsies could provide more efficacious results for 
these patients.

Conclusion
Refractory and super-refractory seizures and epi-

lepsies present significant hurdles for clinicians and 
patients. When traditional ASMs applied at optimized 
doses do not produce sufficient seizure reduction to 
provide improved quality of life, it may feel as though 
we, as health care practitioners, have failed. Advanta-
geously, some nontraditional ASMs have data to sup-
port their use in these instances. [see Table 6]

Of the medications assessed in the present review, 
ketamine has the strongest data for application in a 
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clinical setting—specifically in patients with RSE, super-
refractory SE, and neonatal seizures. Despite some con-
tradictory findings of ketamine initiation timing within 
the treatment cascade, one of the largest reviews found 
ketamine initiation before anesthetic midazolam dosing 
yielded better patient outcomes and seizure cessation. 
If patients have failed several benzodiazepine doses, 
it could be reasonable to consider the incorporation of 
the alternative mechanism of NMDA-receptor antago-

nism provided by ketamine into the treatment cascade 
before or in conjunction with anesthetic midazolam.

Memantine has promising but comparatively weaker 
evidence. Memantine appears to be generally well 
tolerated; memantine could be considered as an ad-
junctive ASM in patients with DEE or West Syndrome—
especially in the presence of a GRIN-related mutation. 
Quinidine has even less convincing data compared with 
memantine and ketamine. While some studies show 

Table 6. Dosing, Seizure Efficacy, and Clinical Summary of Nontraditional Antiseizure Medications 

Medication  Population  Seizure/
Syndrome 

Types 
Studied* 

Genetic 
Mutations 

with 
Potential 

Applications 

Antiseizure 
Dose Range/

Reported 
Regimen 

Efficacy Range 
Reported† 

 

Relative 
Strength 
of Data‡ 

Ketamine16–29  A, N, P  RSE; SRSE; 
generalized; 
focal; 
multifocal; 
mixed type; 
neonatal 
seizure 

n/a  Loading 
dose: 
1–5 mg/kg IV 
•  4.1 mg/kg 

IM (n = 1)
Continuous 
rate: 
0.6–10 mg/
kg/hr IV 

Responder: 
~32%–100% 
 

++ 

Memantine36–40  P  DEE; West 
Syndrome; 
focal; 
absence; 
myoclonic 

GRIN1A; 
GRIN1B; 
GRIN2B; 
GRIN2D 

0.1–1.3 mg/
kg/day PO 
divided 
1–2× daily 
(maximum  
20 mg) 

Responder:  
25%–100% 
•  59%–~100% 

seizure 
frequency 
reduction in 
responders 

+ 

Quinidine49–54  P  ADNFLE; 
EIMFS; 
focal; tonic 

KCNT1 5 to >90 
mg/kg/day 
PO divided 
3–4× daily; 
300–900 mg/
day 

Responder: 
25%–100% 
•  75% worsened 

with ADNFLE
•  50%–100% 

seizure 
frequency 
reduction in 
responders 

+/– 

Riluzole56,60,61  Animal 
(rats); 
pluripotent 
stem cells 
(human) 
P 

Absence; 
limbic; 
myoclonic; 
gelastic 

SCN8a  0.5–7.5 mg/
kg/dose; 
25–75 mg, 
1–2×daily 

Responder: 
33%–100% 
•  50%–100% 

seizure 
frequency 
reduction (n = 2) 

- 

Trazodone85–89  Animal 
(rats, 
zebrafish) 

DS; LGS; 
focal; 
generalized 

SCN1a; 
STXBP1 

5–40 mg/kg; 
1–10 mM bath 

Responder: 
0%–83% 
 

––

A, adult; ADNFLE, autosomal-dominant nocturnal frontal lobe epilepsy; DEE, developmental and epileptic encephalopathy; DS, Dravet Syndrome; 
EIMFS, epilepsy with migrating focal seizures; LGS, Lennox Gastaut Syndrome; N, neonate; P, pediatric; RSE, refractory status epilepticus; SRSE, 
super refractory status epilepticus

* bold = most efficacy reported
† % response and/or % reduction
‡ ++, most reassuring data; +, some reassuring data; +/-, mixed data; -, minimal or no reassuring data; –, minimal or no reassuring data in humans
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promise in KCNT1-related EIMFS, worsened seizures 
were still noted in this population and patients with 
KCNT1-related ADNFLE. Given side effect risk (e.g., 
QTc prolongation), caution must be taken when con-
sidering adjunctive quinidine. Data currently suggest 
using quinidine in patients with a KCNT1 mutation, and 
EIMFS may be most effective; even then, simultane-
ous diligent cardiac and neurological monitoring for 
QTc prolongation and seizure frequency, respectively, 
would be appropriate.

Finally, riluzole and trazodone are unlikely to be 
reasonable candidates to consider in a clinical setting 
at this time. Both have compelling data in animals (for 
riluzole, in human stem cells), but this does not trans-
late into safe human usage. For riluzole, it appears 
to be most effective for the reduction of myoclonic 
seizure models, especially in the setting of an SCN8a 
mutation. Trazodone may be effective in DS and focal 
seizure models, especially in the setting of an SCN1a 
or STXBP1 mutation. Thus, practitioners interested in 
using these medications for their patients in the future 
should closely follow any proposed clinical trials in 
humans to further bolster presently available data with 
both riluzole and trazodone. As of the publishing of this 
manuscript, no studies are presently active within Clini-
calTrials.gov concerning either riluzole or trazodone 
for the treatment of epilepsies or seizures in humans.

The 5 reviewed medications all provide unique op-
portunities. Some, such as ketamine and memantine, 
have potential applications in patients today. Of those 
with less convincing available data, the unique ASM 
mechanisms of action, potential for use in targeted 
patient populations, and comparatively reasonable 
side effect profiles could aid in the design and imple-
mentation of larger studies, which may provide more 
well-defined recommendations for clinical application 
and implications.
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JPPT | Neonatal SSRI Withdrawal Syndrome

EDUCATION

A Review of Neonatal Selective Serotonin Reuptake 
Inhibitor Withdrawal Syndrome
Likitha Mamillapalli, PharmD; Sally Lu, PharmD; Jane Witkin, PharmD; Richa Gavaskar, PharmD; Aimee Cheng, PharmD;  
Kaila McIntyre; Emily Rita Aboujaoude, PharmD; Jimmy Gonzalez, PharmD; Anita Siu, PharmD; and Marc Sturgill, PharmD

The purpose of this review is to define “neonatal selective serotonin reuptake inhibitor (SSRI) withdrawal 
syndrome” (NSWS) from a developmental perspective and outline its management strategies as described 
in the current body of literature, with a focus on pharmaceutical interventions. A literature search was con-
ducted with PubMed, OVID Medline, Google Scholar, Embase, and Web of Science. Search terms included 
neonatal and SSRI combined with the Boolean operator “AND” coordinated with the terms withdrawal, poor 
neonatal adaptation, and neonatal abstinence syndrome. Non-pharmacologic interventions include ap-
propriate hydration, nutrition, and providing a quiet and soothing environment for the infant. Most treatment 
algorithms for neonatal withdrawal syndromes involve in utero exposure to opioids and other psychotro-
pics, and it is rare to find one that outlines specific guidelines for the management of NSWS. Symptomatic 
pharmacologic management should be individualized to the patient. Potential measures can include the 
administration of clonidine for tachycardia, hypertension, diaphoresis, and restlessness; phenobarbital for 
seizures; or chlorpromazine for agitation and irritability. There is generally no role for the use of morphine 
or methadone in the treatment of NSWS without combined exposure to opioids in utero. Without studies 
specifically designed to understand NSWS and guidelines on treatment, there is a lack of clarity regarding 
the management of neonates with this syndrome. There are limited data differentiating NSWS from neona-
tal opioid withdrawal despite these disease states being caused by different pharmaceutical agents. There 
needs to be clear and comprehensive guidelines inclusive of newer studies and comparative treatment 
efficacies to promote evidence-based practices surrounding NSWS.

ABBREVIATIONS APGAR, Appearance, Pulse, Grimace, Activity, and Respiration; BDNF, brain-derived 
 neuropathic factor; CNS, central nervous system; FNAST, Finnegan Neonatal Abstinence Scoring Tool;  
GI, gastrointestinal; HPA, hypothalamic-pituitary-adrenal; NAS, neonatal abstinence syndrome; NICU,  
neonatal intensive care unit; NOWS, neonatal opioid withdrawal syndrome; NSWS, neonatal SSRI 
 withdrawal syndrome; SNRI, serotonin norepinephrine reuptake inhibitor; SSRI, selective serotonin reuptake 
inhibitor; 5HT, serotonin 

KEYWORDS neonatal abstinence syndrome; poor neonatal adaptation; selective serotonin reuptake 
 inhibitors; SSRI withdrawal; substance withdrawal syndrome
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Introduction
As many as 11.9% of women experience perinatal 

depression.1,2 Depression is associated with psycho-
logical alterations and psychosocial sequelae that can 
negatively affect pregnancy outcomes independently 
of drug exposure, such as inadequate maternal weight 
gain, underutilization of health care resources, smoking, 
substance use, preeclampsia, and suicide.3 The mainstay 
treatments for perinatal depression include cognitive-
behavioral therapy and antidepressants such as selective 
serotonin reuptake inhibitors (SSRIs) including fluoxetine, 
paroxetine, sertraline, citalopram, and escitalopram.4

The National Birth Defects Prevention Registry 
estimates that approximately 100,000 infants born 
in the United States each year are exposed to SSRIs 

during fetal development, and about 70% of women 
taking SSRIs at conception continue them throughout 
pregnancy.1 While both perinatal depression and SSRI 
exposure can affect reproductive outcomes, SSRI 
treatment may present a more favorable risk-benefit 
balance than the risks of perinatal depression-related 
sequelae.2 However, prolonged fetal exposure to SSRIs 
is associated with physical and psychological signs of 
withdrawal in up to 30% of newborns.1,5

Controversy persists regarding the appropriate 
terminology for SSRI withdrawal. As a result, multiple 
terms have been used in the peer-reviewed literature 
to describe this condition, including neonatal absti-
nence syndrome (NAS), neonatal SSRI discontinua-
tion syndrome, neonatal serotonergic discontinuation 
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syndrome, neonatal serotonergic withdrawal syndrome 
(NSWS), poor neonatal adaptation syndrome, neonatal 
antidepressant discontinuation syndrome, and neonatal 
antidepressant exposure syndrome.6–12 The use of mul-
tiple and inconsistent terms has led to confusion and a 
lack of standardization in the literature. Systematic re-
views by Fava and colleagues,13 Harvey and Slabbert,14 
and Wang and Cosci15 emphasize that, based on the 
pharmacologic mechanism(s) underlying this condition 
(reviewed below), SSRI withdrawal rather than discon-
tinuation is the proper terminology.13–15 This article will 
use the terms neonatal abstinence syndrome (NAS) to 
refer to withdrawal from in utero drug exposure lead-
ing to clinical symptoms, neonatal opioid withdrawal 
syndrome (NOWS) to refer to neonatal withdrawal 
from opioid exposure, and neonatal SSRI withdrawal 
syndrome (NSWS) to refer to neonatal withdrawal from 
SSRI exposure.

This narrative review aims to define NSWS, discuss 
its pathophysiology, and outline management strate-
gies described in the current literature, focusing on 
pharmacologic interventions.

Materials and Methods
A literature search was conducted with PubMed, 

OVID Medline, Google Scholar, Embase, and Web of 
Science for articles published between 1995 and 2022. 
Search terms included neonatal and SSRI combined 
with the Boolean operator “AND,” coordinated with 
the terms withdrawal, poor neonatal adaptation, and 
neonatal abstinence syndrome combined with the 
Boolean operator “OR.” The explode feature and MeSH 
terms were used within PubMed and Medline. Articles 
on NOWS, articles that did not research the neonatal 
population, and articles not written or translated in Eng-
lish were excluded. Titles and abstracts were reviewed 
by at least 2 authors for inclusion in the narrative review, 
and full texts were obtained for relevant articles. Guid-
ance was provided by faculty practitioners with formal 
training in drug information, medication-use safety 
and policy, neonatology, and pediatrics. A total of 120 
articles were identified. Following the review process, 
47 articles were excluded, and 73 articles were included 
in the final article.

Pathophysiology of NSWS
The underlying pathophysiology of SSRI withdrawal 

remains incompletely understood, and much of the cur-
rent evidence is derived from preclinical rodent models. 
SSRI withdrawal likely results from the sudden lack of 
available serotonin (5HT) in the synapses of 5HT neu-
rons in the brain, spinal cord, and gut, following adap-
tive changes in 5HT receptor sensitivity with chronic 
SSRI exposure.10 The SSRIs increase intrasynaptic 5HT 
in serotonergic neurons by binding to the high-affinity 
presynaptic 5HT transporter that is responsible for 
5HT reuptake.11,12 The affinity of 5HT transporter for 

5HT is decreased, resulting in an immediate increase 
in synaptic 5HT exposure, and the rapid appearance of 
typical SSRI adverse effects. In contrast, the antidepres-
sant benefit of SSRIs typically requires 4 to 6 weeks of 
chronic dosing.11–14

The term neuronal plasticity describes adaptive 
changes in both synaptic number and function, and 
may help explain the delay in clinical benefits observed 
when starting SSRI therapy.14,16 Neuroplasticity appears 
to be mediated by the activity of the hypothalamic- 
pituitary-adrenal (HPA) axis, the production of neu-
rotrophic factors such as brain-derived neuropathic 
factor (BDNF), and glutamate, the primary excitatory 
neurotransmitter in the brain.16–19 Activation of the HPA 
axis causes an increase in cortisol secretion, contribut-
ing to neuronal atrophy in the prefrontal cortex and hip-
pocampus, and behavioral stress reduces the function 
of BDNF.17 Chronic SSRI administration increases BDNF 
expression, enhancing synaptic formation and hippo-
campal neurogenesis.17 Abrupt SSRI discontinuation 
causes a sudden, temporary intrasynaptic deficiency 
of 5HT, inducing a stress response.10,14 Postsynaptic 
5HT2C receptors are strongly implicated in regulating 
behavioral stress responses. Still, evidence also sug-
gests the involvement of HPA axis activation, N-methyl-
d-aspartate receptor signaling, and alterations in dopa-
minergic, adrenergic, and cholinergic transmission.14,20

Notably, the adaptive effects of chronic SSRI expo-
sure on cortisol concentrations have been observed in 
neonates undergoing SSRI withdrawal.21,22 Pawluski and 
colleagues21 measured serum cortisol and corticoste-
roid-binding globulin concentrations in prenatal SSRI 
exposed (n = 25) and non-exposed (n = 40) neonates 
born by vaginal or cesarean delivery. Serum cortisol 
concentrations were significantly higher following 
vaginal delivery than by cesarean delivery, regardless of 
SSRI exposure (p ≤ 0.003), but in the subgroup born by 
vaginal delivery, serum corticosteroid-binding globulin 
concentrations were significantly higher in the neonates 
that had been exposed to prenatal SSRIs (p ≤ 0.009). 
No differences were observed in neonates delivered 
by cesarean delivery, regardless of SSRI exposure.21 
Kieviet et al22 studied hair cortisol concentrations in  
25 neonates exposed to prenatal SSRIs who developed 
withdrawal, 40 exposed neonates who did not develop 
withdrawal, and 105 neonates without prenatal expo-
sure. The association of SSRI withdrawal and elevated 
hair cortisol concentrations was only evident in female 
neonates, with higher concentrations in those with 
withdrawal than those without withdrawal (p = 0.04).22

Clinical Presentation and Diagnosis
NSWS can present as a constellation of autonomic 

nervous system, central nervous system (CNS), and 
gastrointestinal (GI) symptoms that vary in severity 
based on gestational age, comorbidities, the SSRI 
characteristics (e.g., dose, protein-binding capacity, 
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half-life, presence of active metabolites, and other 
pharmacokinetic parameters), and additional maternal 
risk factors such as duration of SSRI use and polydrug 
use during pregnancy.6–8 The onset of symptoms var-
ies based on the pharmacokinetics of the SSRI used. 
The onset of symptoms typically occurs shortly after 
birth or within the first few days of life. Neonates who 
do not have symptoms within the first 48 hours are 
extremely unlikely to become symptomatic. A shorter 
drug half-life and longer time since last maternal se-
rotonin norepinephrine reuptake inhibitor (SNRI) or 
SSRI ingestion are associated with an earlier onset 
of symptoms in the neonate. Symptoms of NSWS re-
solve hours to days after birth.7 In contrast, neonates 
with NOWS present with symptoms within 72 hours 
of birth or as late as 5 to 10 days after birth and can 
last 1 week to 6 months.

Klinger and Merlob7 divide the presenting signs and 
symptoms of NSWS into 4 domains, with an initial period 
of CNS depression, followed by CNS hyperactivity, GI 
disturbances, and respiratory symptoms (Table). The 
CNS depression phase commonly includes hypotonic-
ity and poor sucking reflex, while the period of CNS 
hyperactivity often includes hypertonicity, restless-
ness, tremor, high-pitched or continuous crying, and 
disturbed patterns of sleep. Occasional autonomic ner-
vous system signs and symptoms include temperature 
instability, diaphoresis, nasal congestion, and skin mot-
tling. Common GI signs and symptoms include vomiting 
or regurgitation, poor feeding, and an uncoordinated 
sucking reflex, while respiratory difficulties commonly 
include tachypnea.7 Notably, in utero SSRI exposure has 
been shown to increase the risk of premature delivery 
and neonatal intensive care unit (NICU) admission.23 

Yang and colleagues23 studied 214 pregnant women: 
41 receiving an SNRI or SSRI, 79 with a mood disorder 
not treated with an antidepressant, and 79 control 
subjects. Compared with control subjects, newborns of 
mothers taking SNRIs or SSRIs were more likely to be 
premature (24.5% vs 8.9%; mean birth weight, 3304.3 
± 704.4 vs 3546.3 ± 567.8 g), have a 5-minute APGAR 
(Appearance, Pulse, Grimace, Activity, and Respiration) 
score lower than 8 (6.2% vs 0%), and require NICU 
admission (33.3% vs 10.3%).

Approximately 2% of women taking an SSRI during 
their second- or third-trimester pregnancy are also 
using an opioid, 17% a sedative or hypnotic, and ap-
proximately 9% a benzodiazepine.8 Concomitant use 
of such drugs with SSRIs has been shown to increase 
the severity score of NSWS and the need for NICU 
admission during management.24–27 Symptoms com-
monly observed with both NSWS and NOWS include 
high-pitched cry, tremor, poor feeding, and loose stool. 
Restless sleep, increased muscle tone, hyperactive 
Moro reflex, exaggerated sucking, disturbances (fever, 
sweating, frequent yawning or sneezing, and nasal 
stuffiness or flaring), and tachypnea are more com-
monly observed with NOWS, although they can present 
in a newborn with NSWS.5,28 One key symptom that is 
more often seen in NSWS than in NOWS is persistent 
pulmonary hypertension.7 Another consideration in dif-
ferentiating possible NSWS from other etiologies such 
as serotonin syndrome or acute neonatal encepha-
lopathy is the mother’s medication history. A thorough 
medication reconciliation should be one of the first 
steps in assessing neonates with symptoms similar to 
NSWS, to distinguish symptoms from other disease 
states and medication withdrawals.10

Table. Presenting Signs and Symptoms of Neonatal Selective Serotonin Reuptake Inhibitor Withdrawal  
Syndrome7

System Common Occasional Rare

CNS depression Hypotonicity Lethargy Aphonia
Poor sucking Weak crying

CNS hyperactivity Restlessness Hyperreflexia Frequent yawning or sneezing
Tremor Exaggerated Moro reflex
Hypertonicity Seizures
High-pitched crying
Disturbed sleep patterns

ANS Temperature instability
Diaphoresis
Nasal congestion
Skin mottling

GI Vomiting Diarrhea
Poor feeding Dehydration
Regurgitation
Uncoordinated sucking

Respiratory Tachypnea Dyspnea

ANS, autonomic nervous system; CNS, central nervous system; GI, gastrointestinal
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The Finnegan Neonatal Abstinence Scoring Tool 
(FNAST) was developed to diagnose withdrawal in 
infants prenatally exposed to opioids, but has also 
been used to assess and track the progression of 
neonatal symptoms in SSRI-exposed infants.6,7 The 
Finnegan scoring system comprises 4 categories 
(CNS, Respiratory, GI, and Other symptoms), and 
classifies a score of 8 or above as severe, 4 to 7 as 
mild, and 0 to 3 as normal. Forsberg et al6 modified 
the Finnegan scoring system to monitor 205 neo-
nates exposed to SSRIs in utero, and the modified 
Finnegan scoring system is now the most commonly 
used monitoring tool in the United States.5–7 This 
modified scoring system breaks down symptoms by 
organ class: CNS (21 points), Respiratory (6 points), GI 
(9 points), and Other (4 points). If the Finnegan score 
is ≥8, the neonate requires pharmacologic treatment. 
However, there are several limitations to using the 
Finnegan scoring system in the setting of NSWS. 
The clinical evidence to validate the cutoff score of 
8 to necessitate pharmacologic intervention is lack-
ing. The Finnegan score is often used to guide the 
management of NSWS simply because a validated 
instrument specific to NSWS is lacking, but results 
should be interpreted with caution.

Developmental Review
In regard to the impact NSWS has on development, 

there has been a reported slight delay (within normal 
limits) in the achievement of motor milestones in chil-
dren exposed to SSRIs during gestation, but no differ-
ences were observed between the exposed and control 
groups at 19 months.29 Limited data are available that 
follow up exposed neonates through puberty, which is 
a critical neurodevelopmental stage.2

Exposed fetuses tend to have a shorter gestation 
length than unexposed fetuses, reduced fetal head 
growth, lower birth weight, pulmonary hypertension, 
other malformations at birth, and increased risk for 
social behavioral abnormalities.30,31 Because these 
are known effects of SSRIs, it has been associated 
with delays in developmental milestones early in a 
newborn’s life.32

Some studies have concluded that the differences 
in development are caused by other factors underlying 
treatment than the SSRI medication itself.30 To account 
for different lifestyle environments, one study focused 
on 45 pairs of siblings with ages ranging from 3 to 
approximately 7 years, where 1 sibling (mostly second-
born) was exposed to SSRIs while their sibling was not. 
To assess each pair’s intelligence and behavior, the 
Wechsler Preschool and Primary Scale of Intelligence–
Third Edition, Child Behavior Checklist, and Conners 
Parent Rating Scale–Revised were used. It was found 
that the intelligence quotients and rates of problematic 
behaviors were not significantly different. Thus, SSRIs 
were found not to be neurotoxic.33

The literature is not without limitations; many SSRI 
neonatal developmental studies include a small number 
of participants, children younger than 3 years, clinical 
disorders, and participants from clinics vs the general 
population.30

Acute Management of Neonatal SSRI 
Withdrawal Syndrome

The management of NSWS is not well defined in the 
literature and largely overlaps with the management of 
NOWS. All neonates with in utero exposure to SSRIs 
should be observed for at least 48 hours, and a FNAST 
score should be measured every 8 hours to guide 
therapy.7,34 Based on limited literature, if the score is 
≥8 and the newborn presents with severe symptoms, 
they should be monitored in a NICU and treated until 
their NSWS signs and symptoms normalize to a score 
of ≤3.5,7 Although literature references the use of the 
FNAST score to guide therapy, there are varying clini-
cal practices owing to the lack of a standard of care 
for the management of NSWS. Therefore, treatment 
should be individualized to the patient and targeted to 
manage the presenting symptoms. Current treatment 
strategies for symptomatic management include both 
non-pharmacologic and pharmacologic interventions.

Supportive Measures. The primary goal of support-
ive care measures is to ensure the newborn remains 
comfortable through the withdrawal episodes. Main-
stays of care during observation include appropriate 
hydration, nutrition, and providing a quiet and sooth-
ing environment.35 The mother can also swaddle the 
newborn and increase skin-to-skin contact, which can 
help improve the infant’s breathing and temperature 
regulation.36 In addition, breastfeeding in particular, 
has been theorized to decrease the duration and 
severity of withdrawal symptoms owing to the pres-
ence of SSRIs and their metabolites in breast milk, 
leading to continued exposure; however, this has not 
been studied in major trials and is an area for further 
research.7,36,37 The American College of Obstetricians 
and Gynecologists strongly recommends against the 
discontinuation of SSRIs for mental health treatment if 
the sole concern is the pregnancy or lactation status 
of the mother, because drug transmission is more lim-
ited through lactation than through fetal exposure. Ad-
ditionally, more severe consequences can result from 
the abrupt discontinuation of SSRIs.38

Pharmacologic Interventions.  Generally, pharma-
cologic management should be considered when the 
FNAST score is ≥8 on 3 consecutive score measure-
ments performed at intervals of 8 hours.7,34 In most 
cases of NOWS, treatment revolves around controlled 
re-exposure and tapering of the causative agent.7,39 
However, there are no established data on the effects 
of using an SSRI taper schedule in neonates with 
NSWS. The following medications discussed in this 
section are used based on an individualized  approach 
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to treat the withdrawal symptoms associated with 
NSWS rather than to treat the pathology associated 
with the withdrawal.

Clonidine.  Clonidine has been studied as an ad-
junctive or monotherapy agent for the treatment of 
NSWS.38 Clonidine is an alpha-2-adrenergic receptor 
agonist and is proposed to reduce withdrawal symp-
toms through a negative feedback mechanism by in-
hibiting the CNS sympathetic activity. This results in a 
net reduction in autonomic activity, thus reducing the 
withdrawal symptoms of tachycardia, hypertension, 
diaphoresis, restlessness, and diarrhea.37 In case re-
ports, clonidine has been used successfully as a first-
line monotherapy agent over conventional agents in 
neonates exposed only to SSRIs in utero.40,41 The sug-
gested initial dose is 1 mcg/kg, with a maximum dose 
of 4 mcg/kg administered orally every 3 to 4 hours 
(in contrast to the frequency for NAS, namely every 3 
to 6 hours).40,42 This dosing regimen may vary, but is 
largely agreed upon in both SSRI and opioid-based 
NAS treatment studies. Clonidine is not commercially 
available in a liquid formulation but can be extem-
poraneously compounded as either a 0.01-mg/mL  
or 0.02-mg/mL oral suspension or solution from 0.1-, 
0.2-, or 0.3-mg tablets. Notably, a 0.1-mg/mL (100 mcg/
mL) concentration can be prepared, but this is too 
concentrated for neonatal dosing and can inadver-
tently lead to medication errors and patient harm. It is 
important to note that symptomatic bradycardia was 
seen in a case report after administering clonidine at a 
dose of 4 mcg/kg every 3 hours, highlighting the need 
for careful monitoring of heart rate during initiation.43,44 
Symptoms pertaining to alterations in feeding, weight 
gain or loss, or blood pressure were not seen with sig-
nificant changes throughout the course of reviewed 
studies. While benefits were observed, most evidence 
for this indication comes from case reports, which lim-
its the generalizability of this recommendation.42 How-
ever, clonidine remains the most well-supported phar-
macologic agent in the management of NSWS.

Other Pharmacologic Agents.  Other medications 
have been considered adjunctive agents to control 
symptoms associated with NSWS, but their use is lim-
ited by the lack of data in NSWS. Chlorpromazine has 
been used to decrease autonomic overactivity and 
promote sedation, making it beneficial in attenuating 
CNS symptoms associated with SSRI withdrawal.45–48 
Common side effects associated with chlorproma-
zine that may affect the newborn include sedation, 
anticholinergic effects, and QTc prolongation.47 As a 
result, blood pressure, heart rate, and heart rhythm 
must be closely monitored. Owing to the adverse 
events associated with chlorpromazine and its need 
for extensive monitoring, it has fallen out of favor as 
a treatment option for NOWS. Evidence suggests that 
patients treated with chlorpromazine as a sedative for 
NOWS have higher rates of treatment failure, leading 

to its unfavorable use, but the same cannot be de-
termined for NSWS owing to insufficient literature.48,49

Symptomatic pharmacologic management of NSWS 
may also include the administration of phenobarbital 
to control seizures, irritation, or convulsions. Pheno-
barbital is a barbiturate used as first-line therapy for 
neonatal seizures, given its high efficacy, low cost, and 
favorable adverse effect profile.47 The recommended 
phenobarbital dosing strategy varies considerably.45,50,51 
However, significant adverse effects associated with 
phenobarbital include CNS and respiratory depres-
sion, as well as irritability, hyperactivity, and long-term 
adverse neurodevelopmental outcomes particularly in 
children. While respiratory depression may be avoided 
with therapeutic drug monitoring, phenobarbital’s other 
adverse effects cannot, which resulted in its falling out 
of favor for treating NSWS.47,52–55 Other antiepileptic 
medications have been studied for efficacy in con-
trolling neonatal seizures, such as levetiracetam, but 
further research is needed to explore these alternative 
antiseizure agents in the setting of NSWS.56 Evidently, 
data support the clinical utility of phenobarbital in 
managing seizures associated with NSWS, but the risks 
must be carefully evaluated prior to its use.

Treatment for Mixed Neonatal Opioid and SSRI 
Exposure.  In the case of neonatal withdrawal from 
polypharmacy exposure to opioids and SSRIs, mor-
phine and methadone can be used to promote anal-
gesia and sedation. Morphine is a short-acting natural 
opioid, compared with methadone, which is a longer-
acting synthetic opioid.57 Some studies show that 
neonates with NAS, inclusive of those with NSWS, 
are treated with morphine or methadone owing to  
in utero opioid exposure or polysubstance exposure to 
opioids and SSRIs. However, no studies currently exist 
providing clinical evidence of the use of morphine or 
methadone in the standalone setting of NSWS.37,57–63 
Relevant side effects of methadone and morphine that 
limit their use are GI disturbances, poor feeding, CNS 
depression, respiratory depression, and general signs 
of rebound.21,62,64,65 Other opioid subsidiaries, including 
paregoric elixir and tincture of opium, were historically 
the drugs of choice but have since fallen out of favor 
owing to concerns for patient safety and the lack of 
standardization for their formulation composition.57,62,66 
There is a lack of concrete evidence for opioid use 
in NSWS without opioid co-exposure, and by weigh-
ing the risks and benefits of opioids, these treatment 
options should be reserved for NSWS symptomatic 
management only if the mother’s medication history 
reveals that the neonate had a polysubstance in utero 
exposure to opioids and SSRIs. While phenobarbital is 
of key consideration for treating symptomatic seizures, 
it is also important to note its role in a mixed presen-
tation. The use of phenobarbital has been tradition-
ally preferred for non-opiate–related NAS, targeting 
symptoms of CNS irritability.50 Owing to the adverse 
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overdepressant effects, such as decreased sucking 
reflex, and its ethanol-ethanol–containing commer-
cially available formulations, resulting in potential ad-
verse effects toward neurodevelopmental outcomes 
in infants, it has since fallen out of favor as a first-line 
agent.50,67

Clinical Trials and Research
As of the writing of this article, only 24 studies ex-

ploring NAS are registered in ClinicalTrials.gov. After 
excluding studies exploring NAS due to opioid use dis-
order, 1 study focused on the pharmacologic manage-
ment of NAS in the context of SSRI exposure in utero. 
Challenges in studying this patient population include 
difficulty in recruitment during the COVID-19 pandemic, 
difficulty obtaining parental consent, and lack of a 
consensus on nomenclature. As SSRI use in mothers is 
becoming more prevalent, there is a substantial need 
for further research on developmental changes related 
to SSRI use, in addition to more effective treatment 
options for NSWS.

Conclusions
Despite the available literature on NSWS, much 

remains unclear regarding treatment strategies, aware-
ness of this condition, and high-quality evidence and 
guidelines. With the rise in social media–led awareness 
of and initiatives on mental health—hoping to reduce 
the stigma surrounding this disorder—more women are 
finding guidance and empowerment through online 
support groups and forums to seek professional help 
for their perinatal depression.68 With the increased 
prevalence of psychiatric diagnoses among women 
of childbearing age, we may observe rising trends in 
both SSRI use as well as NSWS. Specifically during the  
COVID-19 pandemic, rates of depression diagnoses 
among pregnant women were higher than among 
postpartum women, even though rates for both of these 
population groups increased over time.69 Importantly, 
with greater willingness to accept treatments for depres-
sion during pregnancy, there has been a rise in antide-
pressant use among women from 10.6% to 13.8% over 
a decade.70 Diving deeper, retrospective data show that 
between 1996 and 2005, antidepressant use increased 
from 2.0% to 7.6%, with SSRIs in particular from 1.5% 
to 6.2%.71 Because SSRIs are first-line pharmacologic 
agents used for the management of depression in preg-
nant women, these agents are greatly used, leading to 
an increasing prevalence of risk for NSWS.72

Much remains unknown about the burden of NSWS, 
its natural course, and effective therapies. Part of the 
uncertainty lies in the confusing terminology used for 
neonatal withdrawal syndromes. Currently, the all-
encompassing term of NAS includes the use of various 
substances that may precipitate neonatal withdrawal. 
Expenditure in NAS is known to be costly, with the aver-
age cost per infant estimated at $22,552. Compounded 

with the financial burden, more vulnerable populations 
who rely on Medicaid or are without insurance are re-
ported to have the highest incidence.73 NSWS can be 
assumed to contribute to this cost, but the exact details 
have not been previously explored. Furthermore, the 
rise of polypharmacy approaches to depression therapy 
may complicate diagnosis and management. Pregnant 
women with depression may initiate SSRI therapy on a 
background of other medications for additional comor-
bidities, thus blurring the relationship between SSRI use 
and neonatal development.39 Additional factors to be 
considered include the lack of long-term studies that re-
liably follow up patients for delayed outcomes affected 
by changing environments and dysfunctional caregiv-
ers.37 Considering these points, there is a need for clear 
and comprehensive guidelines inclusive of more recent 
studies and comparative treatment efficacies to promote 
evidence-based practices surrounding NSWS.

Furthermore, there is immense overlap in the litera-
ture for terminology related to withdrawal associated 
with SSRIs, opioids, and other psychotropics despite 
these agents being used for distinct disease states. A 
simplified standard disease state name would facilitate 
delineating the different withdrawal settings and as-
sist with various treatment options. Therefore, there 
is a need to agree on a specific name for withdrawal 
syndrome specific to SSRIs, such as the proposed 
neonatal SSRI withdrawal syndrome (NSWS). The 
distinction in naming could provide a clearer target 
for treatment research moving forward. Current 
research tends to group SSRI and SNRI use in preg-
nant women, further greying the specificity to SSRIs. 
In the same path, studies could be easily compared 
with a new modality for a diagnostic tool specific to 
this syndrome. Without studies specifically targeting 
populations with NSWS, there is limited literature for 
practitioners to provide care for affected neonates. 
They may also struggle to provide adequate context 
to affected patients regarding the potential risk of SSRI 
use during pregnancy.

The methodologic limitations of published studies 
introduce heterogeneity and uncertainty in the pro-
posed NSWS pathophysiology and treatment models. 
The scope of this review was limited to SSRIs and did 
not include other agents such as SNRIs or atypical 
antidepressants that may be implicated in NAS. The 
objective in this limitation was to avoid generalized 
conclusions on the efficacy of SSRI and SNRI treatment 
when the studies used had a mixed tendency to group 
the 2 together or study only SSRIs. Given the involve-
ment of vulnerable populations, most pathophysiologic 
models of SSRI withdrawal syndromes are rooted in 
animal models, which may not translate fully to human 
patients. Furthermore, the observational nature of most 
human NSWS studies introduces information bias in 
possible misclassification of antidepressant exposure, 
thus biasing estimates of NSWS sequela—recall of SSRI 
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use may be increased in response to serious neonatal 
adverse effects. Finally, bioethical concerns complicate 
the prospective or interventional analysis of NSWS 
natural history; however, prospective analysis of treat-
ment modalities may be reasonable given the lack of 
a single standard of care for treatment.

The path to better understanding NSWS requires 
clearer terminology, a mechanistic understanding 
of pathophysiology, and a more rigorously explored 
treatment algorithm. Currently, adaptive changes in 
5HT receptors, cortisol concentrations, and synaptic 
function within the neonate are proposed as patho-
physiologic changes contributing to NSWS. The current 
diagnosis and treatment determination is based on a 
modified FNAST scoring system, and treatment targets 
supportive measures using phenobarbital, clonidine, 
and, alternatively, chlorpromazine. Additional research 
for SSRI-individualized regimens is required to better 
understand the mechanistic patterns of withdrawal, 
and subsequently individualized treatment patterns 
to SSRI-related cases, from the generalized patterns 
currently recommended for NAS.
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OBJECTIVE The purpose of this study was to characterize reported usage, dosage regimens, and monitoring 
practices of inhaled tobramycin in health systems with neonatal intensive care units (NICUs), pediatric inten-
sive care units (PICUs), and cardiovascular intensive care units (CICUs) from the members of the Pediatric 
Pharmacy Association (PPA). The primary objective was to identify the number of respondents who use an 
inhaled tobramycin protocol. The secondary objectives included the main indications, dosage regimens, 
monitoring parameters used, and administration details for inhaled tobramycin.

METHODS A cross-sectional questionnaire was distributed to PPA members from March 28–May 22, 2023. 
Descriptive statistics were employed.

RESULTS The questionnaire was completed by respondents at 79 institutions; respondents at 61 institutions 
used inhaled tobramycin in PICUs (n = 45; 73.8%), NICUs (n = 36; 59.0%), and CICUs (n = 14; 23.0%). Most 
respondents (n = 73; 92.4%) in the 61 institutions that use inhaled tobramycin did not have an established 
protocol. The most common tobramycin product used was a tobramycin nebulization solution, and the most 
common indication was ventilator-associated tracheitis. Respondents noted the most common dosage 
regimen was 40 to 80 mg every 8 to 12 hours or 150 mg every 12 hours, regardless of patient age. Most re-
spondents were unaware of the nebulizer used and the location of the nebulizer within the ventilator circuit. 
Additionally, the respondents noted that their intensive care units do not routinely check tobramycin serum 
concentrations.

CONCLUSION Most respondents did not have a standardized inhaled tobramycin protocol. There are 
variations in the dosage regimen, administration, and monitoring practices in critically ill children receiving 
inhaled tobramycin. Pediatric clinical pharmacists should work with interprofessional teams, including respi-
ratory therapists and providers, to standardize the use of inhaled antibiotics.

ABBREVIATIONS AKI, acute kidney injury; CF, cystic fibrosis; CICU, cardiac intensive care unit; ICU, intensive 
care unit; IDSA: Infectious Diseases Society of America; NICU, neonatal intensive care unit; PICU, pediatric 
intensive care unit; PBRN, Pharmacy Practice-Based Research Network; PPA, Pediatric Pharmacy Associa-
tion; VAP, ventilator-associated pneumonia; VAT, ventilator-associated tracheitis 

KEYWORDS pediatrics; inhaled tobramycin; acute kidney injury; mechanical ventilator; pharmacokinetics; 
nebulizers
J Pediatr Pharmacol Ther 2025;30(3):332–339

DOI: 10.5863/JPPT-24-00061

Introduction
In critically ill children with respiratory infections, 

such as ventilator-associated pneumonia (VAP) or 
ventilator-associated tracheitis (VAT), inhaled antibiotics 
are a potential treatment option. The 2016 Infectious 
Diseases Society of America (IDSA) guidelines for adults 
with VAP and hospital-acquired pneumonia recommend 
using inhaled colistin or aminoglycosides in addition to 

systemic antibiotics for patients with multidrug-resistant 
organisms.1 However, there are no consensus recom-
mendations on the use of inhaled antibiotics in critically 
ill children for VAP or VAT. In addition, there is a paucity 
of data on the efficacy and safety of inhaled antibiotics 
in critically ill adults and children.2

Several case reports and studies have evaluated 
the use of inhaled tobramycin in critically ill adults and 
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children.3–11 Most of the case reports have described 
reports of critically ill patients with detectable tobra-
mycin troughs and acute kidney injury (AKI).3–6 Geller 
and colleagues12 conducted a pharmacokinetic study in 
258 patients with cystic fibrosis (CF) in the ambulatory 
care setting receiving inhaled tobramycin 300 mg twice 
daily by a PARI LC PLUS (Pari Respiratory, Midlothian, 
VA) nebulizer. They found that patients had a mean 
peak concentration of 1.2 mcg/mL, 1 hour after dosing  
and undetectable trough concentrations. However,  
5 studies have evaluated the incidence of detectable 
serum concentrations in adults and children, with the 
majority being critically ill and without CF; these investi-
gators found between 8.3% and 68.2% of patients had 
detectable serum concentrations, and up to 24.3% of 
patients developed AKI.7–11 Several studies identified 
risk factors for detectable tobramycin serum concentra-
tions, including mechanical ventilation, increased age, 
and AKI or chronic kidney disease at the time of inhaled 
tobramycin initiation.9–11 However, the results of these 
studies are limited in that different tobramycin products, 
dosage regimens, nebulizer devices, and mechanical 
ventilator set-ups were used between studies.

There are many unknowns regarding inhaled to-
bramycin use in critically ill children regarding dosage 
regimen, type of nebulizers used, and placement of the 
nebulizer within the ventilator system. These factors are 
crucial as they potentially contribute to the variability in 
patient outcomes, such as detectable serum drug con-
centrations and the incidence of AKI. The purpose of 
this study was to characterize reported usage, dosage 
regimens, and monitoring practices of inhaled tobra-
mycin in health systems with neonatal intensive care 
units (NICUs), pediatric intensive care units (PICUs), and 
pediatric cardiovascular intensive care units (CICUs). By 
identifying inconsistencies in current practices, this re-
search aims to gather essential data that could support 
the development of standardized protocols, ultimately 
enhancing the safety and efficacy of inhaled tobramycin 
treatments in this vulnerable population.

Materials and Methods
Study Design and Survey Administration. This was 

a descriptive survey study of pediatric clinical phar-
macists. The survey included 74 questions, including 
health-system demographics, policies of inhaled antibi-
otics for non-CF patients in the NICU, PICU, and CICU, 
inhaled tobramycin administration details, tobramycin 
product and dosage regimen, and monitoring consider-
ations. Questions were asked separately for each unit 
type, consisting of multiple choice, mark all that apply, 
and text entry. Although the questionnaire included  
74 questions, the length depended upon the number 
of units chosen. A summary of these questions is found 
in the Supplemental Appendix.

The electronic questionnaire was developed and 
distributed through Qualtrics (Provo, Utah) and sent 

through email using the Pediatric Pharmacy Asso-
ciation’s (PPA) Pharmacy Practice-Based Research 
Network (PBRN) from March 28–May 22, 2023, with 
2 reminder emails sent during the time frame. PPA 
members could forward the questionnaire link to non-
members at their institution for increased participation. 
Based on the information provided by the PPA Interim 
Executive Director, the questionnaire was sent to ap-
proximately 957 pharmacist members representing 310 
health systems, which included 268 NICUs (86.5%), 178 
PICUs (57.4%), and 70 CICUs (22.6%). Clinicians were 
asked to provide the first 2 letters of the hospital street 
and the last 3 digits of the hospital zip code to ensure 
that duplicate responses did not occur. Participation in 
the survey was voluntary and anonymous. Incomplete 
surveys were excluded from the analysis.

Study Objectives and Data Analysis. Demographic 
data collected included geographical location (i.e., 
Northeast, Midwest, Southeast, Southwest, West) of 
the institution, number of pediatric beds, which inten-
sive care unit(s) (ICU) in the institution used inhaled 
tobramycin in patients without CF, and whether the 
unit has a protocol for the use of inhaled antibiotics in 
critically ill patients without CF. Regarding each unit, the 
number of beds, along with components of the protocol 
(if applicable), were collected. The type of respiratory 
support, mode of delivery, type of nebulizer used, and 
the location of the nebulizer within the mechanical ven-
tilator circuit (if applicable) were collected. In addition, 
the tobramycin product used, indications for use, dos-
age regimen, duration, and monitoring considerations 
were collected.

The primary objective was to identify the number of 
respondents who use inhaled tobramycin in critically 
ill pediatric patients without CF in the NICU, PICU, and 
CICU. The secondary objectives included the main indi-
cations, dosage regimens, and monitoring parameters 
used. An additional secondary objective was to identify 
administration details for inhaled tobramycin, including 
the type of respiratory support, mode of delivery, type 
of nebulizer used, and the location of the nebulizer 
within the mechanical ventilator circuit.

All investigators developed and reviewed the ques-
tionnaire to ensure its face validity. In addition, informal 
feedback was obtained from 2 pediatric pharmacists 
who serve on the PPA PBRN. Descriptive statistics, 
including frequencies and percentages, were used to 
summarize the survey responses using SAS, version 
9.4 (SAS Institute, Inc., Cary, NC).

Results
During the study period, 159 respondents accessed 

the questionnaire. Of these entries, 80 were excluded 
for the following reasons: opened link but did not 
complete required questions (n = 76) and duplicate sub-
mission of information from the same institution (n = 4). 
Seventy-nine responses from 79 unique health systems 
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were included for analysis. An overall response rate 
of 25.5% was calculated from the 310 health systems 
represented by PPA members.

Demographics of Respondents Using Inhaled To-
bramycin in NICU/PICU/CICU. Sixty-one (77.2%) of 79 
respondents indicated that they use inhaled tobramycin 
for critically ill children without CF in 1 or more ICU. 
Table 1 provides an overview of the health system and 
demographics of the 61 institutions using inhaled tobra-
mycin in their ICUs. Most respondents were from the 
United States in either the Southeast (n = 15/61; 24.6%) 
or West (n = 14/61; 23.0%). In addition, most respondents 
(n = 25/61; 41.0%) had 200 or more pediatric beds in 
their health system. The number of respondents that 
used inhaled tobramycin in their ICUs varied, including 
37 respondents (60.7%) with 1 ICU type, 14 (23.0%) with 
2 types of ICUs, and 10 (16.4%) with 3 types of ICUs. 
The ICU with the most usage of inhaled tobramycin was 
the PICU (n = 45, 73.8%), followed by the NICU (n = 36; 
59.0%) and CICU (n = 14; 23.0%). There was variability 
in the number of beds in the NICUs, PICUs, and CICUs.

Inhaled Tobramycin Protocol Components. Most re-
spondents (n = 73, 92.4%) indicated that their institution 
did not have an inhaled tobramycin protocol. There was 
variability in the ICU type that had a protocol. Table 2 
summarizes the protocol and administration details for 
inhaled tobramycin by ICU type. The majority of PICUs 
(n = 25/45; 56.6%) and NICUs (n = 16/36; 44.5%) use 1 of 
the commercially available inhaled tobramycin products 
for nebulization solution that has an FDA-labeled indica-
tion for eradication of Pseudomonas aeruginosa in CF 
patients (TOBI; Novartis Pharmaceuticals Corporation, 
East Hanover, NJ; Bethkis, Cornerstone Therapeutics 
Inc., Woodstock, IN).13,14 Some respondents noted that 
their ICUs use an intravenous tobramycin product 
either with or without preservatives for administra-
tion via nebulization, including the majority of CICUs  
(n = 10; 71.4%). Respondents were asked for indications 
for inhaled tobramycin, including for non-CF bronchi-
ectasis, chronic colonization suppression, VAP, or VAT. 
There was variability in indication according to ICU 
type, with the highest indication among all ICUs for 
VAT (69.4%–77.8%).

Table 2 also summarizes the administration details 
of inhaled tobramycin according to ICU type. Most 
respondents (78.6%–88.9%, depending on the unit 
type) noted that inhaled tobramycin is administered 
in mechanically ventilated patients in their ICUs, with 
a smaller percentage of respondents (55.6%–66.7%) 
indicating that patients with high-frequency mechani-
cal ventilation (e.g., high-frequency jet ventilator or 
high-frequency oscillatory ventilation) received inhaled 
tobramycin. For patients who are mechanically venti-
lated, most respondents noted that the endotracheal 
(90.0%–100%) or tracheostomy tube (66.7%–82.5%) 
were the main modes of delivery of inhaled tobramycin. 
Most respondents indicated that they were unaware 

of the nebulizer used and the location of administra-
tion within the mechanical ventilator circuit used to 
deliver inhaled tobramycin. The number of institutions 
using a vibrating mesh nebulizer ranged from 11.1% to 
21.4%, depending upon ICU type. There were various 
responses from respondents who were aware of the 
delivery location in the ventilator circuit.

Tobramycin Dosage Regimen and Monitoring. Re-
spondents were asked to indicate the dosage regimen 
and duration for all 4 indications (i.e., non-CF bronchi-
ectasis, suppression of chronic colonization, VAP, or 
VAT). Because VAT was the most common indication 
noted among ICU units, the subsequent analysis was 
focused on VAT. There was variability in the dosage 
and duration of VAT (Table 3). For the NICU and CICU, 
the most common dosage regimens were 40 to 80 mg 
every 8 to 12 hours (NICU [n = 18; 72.0%]; CICU [n = 5; 
38.5%]) or 150 mg every 12 hours (NICU [n = 4; 16.0%]; 

Table 1. Baseline Demographics of Health-Systems 
for Respondents Using Inhaled Tobramycin in  
Critically Ill Children Without Cystic Fibrosis

Variables N (%)

Location of institutions:
 Northeast United States 10 (16.4)
 Midwest United States 11 (18.0)
 Southeast United States 15 (24.6)
 Southwest United States 10 (16.4)
 West United States 14 (23.0)
 Outside of the United States 1 (1.6)

Number of pediatric hospital beds in 
the health system:
 50–99 17 (27.9)
 100–149 10 (16.4)
 150–199 9 (14.8)
 ≥ 200 25 (41.0)

Types of ICUs:
 NICU 36 (59.0)
 PICU 45 (73.8)
 CICU 14 (23.0)

Number of beds in NICU (n = 36):
 0–25 1 (2.8)
 26–50 11 (30.6)
 51–75 13 (36.1)
 ≥ 75 11 (30.6)

Number of beds in PICU (n = 45):
 0–25 27 (60.0)
 26–50 14 (31.1)
 51–75 3 (6.7)
 ≥ 75 1 (2.2)

Number of beds in CICU (n = 14):
 0–25 12 (85.7)
 26–50 2 (14.3)
 51–75 –
 ≥ 75

CICU, cardiac intensive care unit; ICU, intensive care unit; NICU, 
 neonatal intensive care unit; PICU, pediatric intensive care unit
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CICU [n = 4; 30.8%]). The most common dosage regimen 
for VAT in the PICU was 300 mg every 12 to 24 hours 
(n = 13; 37.2%). Some respondents indicated that their 
ICUs adjust their dosage for patients with AKI (PICU  
[n = 8; 17.8%], NICU [n = 6; 16.7%], CICU [n = 6; 42.9%]). 
The most common duration noted for VAT among the 
ICUs was between 7 and 10 (45.7%–56.0%) and 11 and 
14 days (17.1%–30.8%) (Table 3). However, a few respon-
dents indicated that providers in their ICUs would use 

inhaled tobramycin every 14 or 28 days on and 14 or 
28 days off instead of a defined duration.

Table 4 provides a summary of monitoring consider-
ations with inhaled tobramycin among ICUs. There was 
a wide variability of renal function monitoring with se-
rum creatinine while on inhaled tobramycin, with some 
monitoring daily and others not performing routine 
monitoring. A few respondents (8.9%–21.4%, depending 
on ICU type) indicated their ICUs monitor tobramycin 

Table 2. Inhaled Tobramycin Protocol and Administration Considerations Among ICUs

Variables PICU (n = 45) NICU (n = 36) CICU (n = 14)

N (%)

Inhaled Antibiotic Policy Information and Product Used

Has policy for inhaled antibiotics in critically ill children 
without CF

6 (13.3) 3 (8.3) 2 (14.3)

Components included in policy: n = 6 n = 3 n = 2
 Indications for use 3 (50.0) 2 (66.7) 1 (50.0)
 Administration details 4 (66.7) 2 (66.7) 1 (50.0)
 Dosage regimen 4 (66.7) 3 (100.0) 2 (100.0)
 Monitoring considerations 4 (66.7) 2 (66.7) 1 (50.0)

Tobramycin product most frequently used:
 Solution for injection (10 mg/mL preservative-free) 10 (22.2) 10 (27.8) 3 (21.4)
 Solution for injection (10 or 40 mg/mL) 10 (22.2) 10 (27.8) 7 (50.0)
 Solution for inhalation (TOBI) 23 (52.2) 15 (41.7) 4 (28.6)
 Solution for inhalation (Bethkis) 2 (4.4) 1 (2.8) –

Indication for inhaled tobramycin:
 Non-CF bronchiectasis 18 (40.0) 6 (16.7) 3 (21.4)
 Suppression of chronic colonization 33 (73.3) 20 (55.6) 8 (57.1)
 VAP 28 (62.2) 17 (47.2) 8 (57.1)
 VAT 35 (77.8) 25 (69.4) 13 (92.9)

Respiratory Support and Mode of Delivery With Mechanical Ventilation Used with Inhaled Tobramycin

Respiratory support:
 Mechanical ventilation 40 (88.9) 30 (83.3) 11 (78.6)
 High-frequency mechanical ventilation 25 (55.6) 24 (66.7) 8 (57.1)
 Noninvasive mechanical ventilation 31 (68.9) 24 (66.7) 10 (71.1)

Mode of delivery with mechanical ventilator:
 Endotracheal tube 36 (90.0) 30 (100.0) 11 (100.0)
 Tracheostomy tube 33 (82.5) 20 (66.7) 9 (81.8)
 Mouthpiece 6 (15.0) 4 (13.3) 1 (9.1)

Nebulizer and Location of Nebulizer With Mechanical Ventilator

Type of nebulizer used with mechanical ventilator:
 Jet or compression 9 (20.0) 4 (11.1) 2 (14.3)
 Ultrasonic 5 (11.1) 5 (13.9) 1 (7.1)
 Vibrating mesh 5 (11.1) 5 (13.9) 3 (21.4)
 Unknown 26 (57.8) 21 (58.3) 8 (57.1)

Location of nebulizer with mechanical ventilator circuit: n = 40 n = 30 n = 11
 Distal (i.e., on the inlet of the humidifier) 6 (15.0) 4 (13.3) –
  Proximal (i.e., between patient wye connector within 

inspiratory limb of ventilator circuit)
2 (5.0) 4 (13.3) 1 (9.1)

 Between the wye connector and the endotracheal tube 1 (2.5) – 1 (9.1)
 Unknown 31 (77.5) 22 (73.3) 9 (81.8)

CF, cystic fibrosis; CICU, cardiac intensive care unit; ICU, intensive care unit; NICU, neonatal intensive care unit; PICU, pediatric intensive care 
unit; VAP, ventilator-associated pneumonia; VAT, ventilator-associated tracheitis
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serum concentrations while receiving inhaled tobramy-
cin. Of those respondents who monitored tobramycin 
serum concentrations, some indicated it was before the 
second to fourth inhaled tobramycin dose, while others 

indicated it was only in patients with AKI at baseline. 
In addition, there was a variety of responses for sub-
sequent tobramycin serum concentration monitoring, 
with some performing weekly monitoring and others 

Table 3. Summary of Inhaled Tobramycin Dosing and Duration with VAT Among ICUs

Variables PICU (n = 45) NICU (n = 36) CICU (n = 14)

N (%)

Number of ICUs using inhaled tobramycin for VAT 35 (77.8) 25 (69.4) 13 (92.9)

Dose:
 40–80 mg every 8–12 hours 11 (31.4) 18 (72.0) 5 (38.5)
 150 mg every 12 hours 6 (17.1) 4 (16.0) 4 (30.8)
 300 mg every 12–24 hours 13 (37.2) 1 (4.0) 2 (15.4)
 Age and weight-dependent 2 (5.7) 1 (4.0) 2 (15.4)
 Dosing not specified 3 (8.6) 1 (4.0) –

Duration:
 1–6 days 7 (20.0) 1 (4.0) 1 (7.7)
 7–10 days 16 (45.7) 14 (56.0) 7 (53.8)
 11–14 days 6 (17.1) 8 (32.0) 4 (30.8)
 15–21 days 1 (2.9) – –
 14 days on and 14 days off – – 1 (7.7)
 28 days on and 28 days off 2 (5.7) 1 (4.0) –
 Duration not specified 3 (8.6) 1 (4.0) –

CICU, cardiac intensive care unit; ICU, intensive care unit; NICU, neonatal intensive care unit; PICU, pediatric intensive care unit; VAT, ventilator-
associated tracheitis

Table 4. Inhaled Tobramycin Monitoring Data by Unit

Variable PICU (n = 45) NICU (n = 36) CICU (n = 14)

N (%)

Frequency of serum creatinine monitoring for 
patients on inhaled tobramycin:
 Daily 9 (20.0) 5 (13.9) 4 (28.6)
 Every other day 2 (4.4) 1 (2.8) –
 Twice a day 5 (11.1) 8 (22.2) 2 (14.3)
 Once weekly 6 (13.3) 9 (25.0) 1 (7.1)
 Not routinely performed 18 (40.0) 11 (30.6) 7 (50.0)
 No response provided 5 (11.1) 2 (5.6) –

Monitor tobramycin concentrations routinely 4 (8.9) 6 (16.7) 3 (21.4)

Timing of initial tobramycin concentration: n = 4 n = 6 n = 3
 Before 2–4 dose 2 (50.0) 4 (66.6) 1 (33.3)
 Only in patients with acute kidney injury 2 50.0) 1 (16.7) –
 Varies based on provider discretion – 1 (16.7) –

Timing of subsequent concentrations: n = 4 n = 6 n = 3
 Weekly 1 (25.0) 1 (16.7) 1 (33.3)
  No subsequent concentrations unless concerns 

for acute kidney injury
2 (50.0) 3 (50.0) 1 (33.3)

 Varies based on provider discretion 1 (25.0) 2 (33.3) 1 (33.3)

Serum concentration tobramycin dose decreased 
or discontinued:

n = 4 n = 6 n = 3

 No threshold established 1 (25.0) 1 (16.7) –
 ≤ 0.5 mcg/mL 1 (25.0) 2 (33.3) 1 (33.3)
 ≥ 1 mcg/mL 1 (25.0) 2 (33.3) 1 (33.3)
 < 2 mcg/mL 1 (25.0) 1 (16.7) 1 (33.3)

CF, cystic fibrosis; CICU, cardiac intensive care unit; ICU, intensive care unit; NICU, neonatal intensive care unit; PICU, pediatric intensive care unit

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-06-14 via free access



Inhaled Tobramycin Usage in Critically Ill Pediatric Patients Without Cystic FibrosisJohnson, P et al

 J Pediatr Pharmacol Ther 2025 Vol. 30 No. 3 337www.jppt.org 

based on provider discretion. For those who perform 
tobramycin serum concentration monitoring, there was 
a variety of responses with some indicating their goal 
concentration in which they reduced or discontinued 
the tobramycin was ≥ 0.5 to 2 mcg/mL and others who 
had no established threshold.

Discussion
To our knowledge, this is the first survey exploring 

the use of inhaled antibiotics in children without CF in 
pediatric-specific health systems. While the 2016 IDSA 
guidelines for hospital-associated pneumonia or VAP 
recommend inhaled antibiotics for  multidrug-resistant 
organisms, there remains a paucity of studies evalu-
ating inhaled tobramycin in critically ill children.1 In 
pediatric patients, most of the data surrounding the 
use of inhaled tobramycin is in patients with CF. As 
previously noted, tobramycin is available in 2 commer-
cially available solutions for inhaled use, TOBI (300 mg/ 
4 mL) and Bethkis (300 mg/5 mL), and both agents have  
an FDA-approved labeled indication for eradication 
of P. aeruginosa for CF children 6 years of age and 
older.15 Additionally, the Cystic Fibrosis Foundation 
has also recommended its use in children older than 
6 months to 5 years of age.16 Several case reports or 
studies have explored the use of inhaled tobramycin 
for off-label indications in adults and children without 
CF.3–8,11,17–19 However, not all of these studies have 
explored the use of inhaled tobramycin in critically ill 
patients who are mechanically ventilated, particularly 
because there is concern regarding the disposition of 
inhaled tobramycin in the ventilator circuit. We noted 
that most respondents (n = 61; 77.2%) use inhaled to-
bramycin in critically ill children without CF for off-label 
indications, including non-CF bronchiectasis, chronic 
colonization suppression, VAT, and/or VAP. Despite the 
small sample, these findings may provide the pediatric 
pharmacy community with insight into the tobramycin 
product most commonly used, the nebulizer used 
for its administration, and monitoring considerations 
(serum concentrations and lung function) for inhaled 
tobramycin. The findings in the present study will be 
used to develop additional studies aimed at outlining 
the parameters that are critical to ensure the efficacy 
and safety of inhaled antibiotics in critically ill children 
and, in the future, to propose a standard protocol to 
guide the treatment of patients in the NICU with inhaled 
antibiotics

Most respondents (92.4%) indicated that their institu-
tion did not have a standardized protocol for inhaled 
tobramycin in their ICUs. As previously noted, several 
studies evaluating inhaled tobramycin have noted be-
tween 8.3% and 68.2% of critically ill adults and children 
with detectable tobramycin serum concentrations.7–11 It 
is possible that standardization of the tobramycin prod-
uct used, dose, the nebulizer used, and administration 
details within the ventilator circuit may limit systemic 

toxicities, including AKI with inhaled tobramycin. Most 
of the published studies evaluating the use of inhaled 
tobramycin in critically ill patients do not elucidate all 
these details.7–10

Variability was observed in the inhaled tobramycin 
product administered in the ICUs, with most PICU and 
NICU respondents using commercially available solu-
tions, such as TOBI or Bethkis, while others adminis-
tered intravenous tobramycin solution via nebulizer. 
Previous studies evaluating inhaled tobramycin in 
critically ill children and adults have used the TOBI 
product7,10,11 or the 40 mg/mL intravenous tobramycin 
formulation.8,9 The tobramycin product selected may 
have some impact on absorption and adverse events 
with inhaled administration. The airway epithelium has 
a pH of around 5 to 6, and both TOBI and Bethkis are 
pyrogen-free and sterile solutions that are buffered 
to match the pH of airway epithelium.13,14,20 In contrast, 
intravenous tobramycin has a pH ranging from 3 to 6.5.21 
It is possible that the increased acidity of the intrave-
nous tobramycin solution may cause damage to the 
airway epithelium and lead to increased or decreased 
absorption compared with the buffered tobramycin 
solutions. We also noted several institutions that used 
the 10 or 40 mg/mL intravenous tobramycin solutions 
that contain preservatives (Table 2). Experts caution 
against the use of solutions that contain preservatives 
as they may cause airway irritation and increase the 
risk of bronchospasm.20

Respondents were asked several questions re-
garding the nebulizer, mode of delivery of inhaled 
tobramycin, and placement within the ventilator circuit. 
Overall, the most common modes of delivery were 
the endotracheal tube followed by the tracheostomy 
tube. In the 3 studies evaluating inhaled tobramycin 
in 96 critically ill children, most patients received 
tobramycin via a tracheostomy tube (n = 74; 77.1%) 
compared with endotracheal tubes (n = 21; 21.9%).7,8,11 
This is likely because most of these patients may have 
received inhaled tobramycin for VAT. Most respondents 
indicated using inhaled tobramycin in patients receiv-
ing noninvasive ventilation, but fewer respondents 
reported use for patients requiring high-frequency 
mechanical ventilation. This may reflect the fact that 
there are limited data about the disposition of inhaled 
antibiotics in high-frequency mechanical ventilation and 
additional safety considerations when administering 
these medications.1,20 In our study, most respondents 
were unaware of the nebulizer used and the location of 
the nebulizer within the ventilator circuit. For mechani-
cally ventilated patients, experts recommend the use 
of vibrating mesh nebulizers as the preferred nebulizer 
as they are more efficient than jet, compression, or ul-
trasonic nebulizers.1,20 Additionally, it is recommended 
that the nebulizers are connected approximately 15 to  
40 cm proximal to the mechanical ventilator (i.e., be-
tween the wye connector within the inspiratory limb of 
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the ventilator circuit) to enhance medication delivery.1 
The fact that so many respondents were unaware of the 
nebulizer used and the location of the nebulizer within 
the ventilator circuit may reflect that their institution 
has not established a preferred nebulizer or ventilator 
set up or perhaps a lack of pharmacist involvement. 
Given the concerns for either diminished or enhanced 
delivery of inhaled medications, we recommend that 
clinical pharmacists work with their providers and 
respiratory therapy colleagues to ensure appropriate 
administration techniques to increase efficacy while 
limiting adverse effects.

Respondents noted a variety of dosage regimens 
and durations of inhaled tobramycin based on the in-
dication for use. Owing to the considerable variability, 
our analysis focused on VAT because it was the most 
common indication noted by respondents. The most 
common dosage regimens for VAT were 40 to 80 mg 
every 8 to 12 hours or 150 mg every 12 hours. Previous 
studies have published a variety of dosage regimens 
used for non-CF critically ill children ranging from 40 
to 300 mg/dose at intervals of every 8 to 12 hours.7,8 
For patients older than 6 months with CF, the recom-
mended dose is 300 mg every 12 hours for 28 days 
in an on-and-off cycle.13–15 However, there is a paucity  
of pharmacokinetic data in children younger than  
6 months of age.11,12,16 So, it is possible that respondents 
with NICUs and CICUs may use lower doses due to the 
lack of pharmacokinetic and safety data.

One study evaluating the incidence of detectable 
concentrations in critically ill children receiving TOBI 
300 mg every 12 hours found 68.2% with detectable 
concentrations less than 0.5 mcg/mL.11 In contrast, 
Hughes and colleagues8 evaluated the concentrations 
of 12 critically ill children receiving inhaled tobramycin 
80 mg every 8 hours using the 40 mg/mL intravenous 
tobramycin formulation and found 1 (8.3%) child with 
detectable serum concentrations, which they defined 
as < 0.6 mcg/mL. Given the limited sample size and 
the use of an intravenous tobramycin formulation not 
buffered to match the pH of the respiratory epithelium, 
determining an optimal dose for inhaled tobramycin 
remains challenging. This highlights a significant gap in 
our understanding and underscores the need for future 
studies to undertake comprehensive pharmacokinetic 
analyses of the tobramycin regimen.

The limited routine monitoring for detectable to-
bramycin serum concentrations reported by respon-
dents is troubling, especially considering previous 
research that found between 8.3% and 68.2% of 
critically ill adults and children exhibited detectable 
serum concentrations of the drug.7–11 Several of these 
studies have attempted to determine risk factors for 
detectable concentrations, but there remains a pau-
city of data on which patients may have the greatest 
risk. Compounding these concerns is the notable 
variability in how frequently ICUs monitor renal func-

tion despite evidence suggesting that up to 24% of 
patients with detectable serum concentrations may 
develop AKI.7–11 Based on the findings in our study, we 
recommend pediatric clinical pharmacists work with 
interprofessional team members to ensure monitoring 
components are included in developing policies or 
protocols for inhaled tobramycin.

This study has several limitations that must be ad-
dressed. First, it has a limited response rate of only 
one-quarter of pediatric institutions represented by 
members of the PPA. Despite this, the study did include 
respondents from across the United States who prac-
tice at institutions with a variety of bed sizes. Second, 
the questionnaire used in this study was not validated. 
As a result, some respondents may have been confused 
when answering questions. We did address face valid-
ity by obtaining feedback from 2 practicing pediatric 
pharmacists affiliated with the PPA PBRN. Third, though 
we asked respondents several questions about the 
administration of tobramycin through several types 
of nebulizers, we did not have a question about age 
restrictions for these nebulizer devices. Several of the 
nebulizers may have FDA-labeled indications for young 
infants and neonates.

Conclusions
This study noted that most respondents used inhaled 

tobramycin in their ICUs, but most did not have a stan-
dardized protocol for use in critically ill children without 
CF. There was substantial variability in the nebulizers 
used, position with the ventilator circuit, dosage regi-
men, and monitoring considerations among the ICUs 
of respondents. This study highlights opportunities for 
pediatric clinical pharmacists to work with interprofes-
sional teams, including respiratory therapists and pro-
viders, to standardize the use of inhaled antibiotics like 
tobramycin. Additionally, these findings may provide a 
foundation for future prospective, multicenter studies 
investigating the use of inhaled tobramycin for criti-
cally ill children for a variety of indications, including 
VAT and VAP.
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OBJECTIVE Comparing the effectiveness of sequential and concurrent administration of albumin and 
 furosemide in reducing edema in children with nephrotic syndrome.

METHOD A double blinded randomized controlled clinical trial was conducted in patients diagnosed with 
nephrotic syndrome between 2 and 15 years of age. The patients were randomly divided into 2 groups of 
32 subjects. One group received an admixture of albumin and furosemide, and the other received furose-
mide immediately after the albumin infusion. The weight loss and urinary sodium concentration results were 
analyzed in each group.

RESULTS The comparison of the 2 groups demonstrated that the group that received albumin and furose-
mide sequentially had statistically significant weight loss. There was no significant difference in the amount 
of urinary sodium, as determined by random spot urine analysis in 9 subjects in each group, and no study 
drug-associated adverse effects were observed in any patient.

CONCLUSIONS there was a significant difference between weight loss in the 2 groups that received albumin 
and furosemide simultaneously or sequentially and according to this study, the sequential method of furo-
semide administration after albumin infusion is the preferred method to reduce edema in pediatric patients 
with nephrotic syndrome.

ABBREVIATIONS BUN, blood urine nitrogen; GFR, glomerular filtration rate 

KEYWORDS albumin; edema; furosemide; loop diuretic; nephrotic syndrome; pediatric
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Introduction
Nephrotic syndrome is characterized by edema, 

hypoalbuminemia, and proteinuria.1 The condition is 
classified into primary and secondary causes, with pri-
mary causes being idiopathic or genetic diseases, and 
secondary causes including infections, medications, 
immunological diseases, and malignancies.2,3 In pedi-
atrics, nephrotic syndrome is primarily idiopathic, with 
Minimal Change Disease (MCD) being the most com-
mon subtype. The syndrome may also arise secondary 
to conditions such as systemic lupus erythematosus 
or infections like hepatitis and HIV. Hypoalbuminemia 
contributes to edema by reducing vascular oncotic 
pressure, allowing fluid to escape into the interstitial 
space.4,5

Edema, a hallmark of nephrotic syndrome in children, 
can present as periorbital edema, often mistaken for 
allergies, and may progress to leg edema, abdominal 
swelling, or significant weight gain if left untreated. 
Severe edema can lead to complications like pulmonary 

edema or pleural effusion, and can also negatively 
impact the quality of life.6 Studies have shown that 
children with nephrotic syndrome-associated edema 
experience increased anxiety, pain, and fatigue, high-
lighting the importance of effective management.7

The primary treatment for nephrotic syndrome in-
cludes salt restriction and diuretics.8 However, when 
these are insufficient to control edema, albumin 
infusion is considered.9 Albumin increases vascular 
oncotic pressure and facilitates the transfer of fluid 
from interstitial tissues to the intravascular compart-
ment, which can help reduce edema.10 Combining 
albumin with loop diuretics, such as furosemide, has 
been explored to improve drug efficacy,9,11,12 especially 
in hypoalbuminemic patients where the response to 
diuretics alone is diminished due to decreased drug 
secretion in the nephron.13

This study aims to investigate the optimal method 
of administering albumin and furosemide to improve 
edema reduction in pediatric patients with nephrotic 
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syndrome. While both simultaneous and sequential 
albumin-furosemide approaches have been used, 
studies focusing on the most effective administration 
method in children remain limited.

Material and Methods
Study Population and Study Design. This prospec-

tive, parallel, randomized, double-blind interventional 
clinical trial was conducted in pediatric patients ad-
mitted at a single freestanding children’s hospital be-
tween August 2021 and August 2022 Inclusion criteria 
for this study were as follows: children ages 2 to 15 
years old, admission to hospital for treatment of ede-
ma, diagnosis of nephrotic syndrome, and candidate 
for treatment with intravenous albumin and furose-
mide. In our treatment protocol, the first line of treat-
ment in steroid-resistant patients is repeated treat-
ment with albumin, diuretics, and fluid restriction, and 
if the patients do not respond, they are treated with 
drugs such as tacrolimus, cyclosporine, and mycophe-
nolate. None of our patients were treated with these 
drugs. Exclusion criteria include renal failure, defined 
as GFR < 30 mL/min calculated by an onsite patient 
recruiter using the Schwartz bedside method (2009)14; 
hepatic failure, defined as child-Pugh class B and C; 
patients who received diuretics within 30 days prior 
to participation; patients who lose weight in a manner 
other than urine (such as diarrhea and vomiting due 
to gastroenteritis); patients who received albumin and 
furosemide more than 1 dose during the first 24 hours 
of the study; patients undergoing renal dialysis or an-
uria for 24 hours after the intervention; and patients 
receiving rituximab before the intervention.

A power analysis was performed to determine the 
number of patients for enrollment: difference between 
2 independent means with alpha 0.05 and beta 0.8 and 
in 2 groups of 64 people. The selected 128 patients 
were divided into 2 random groups (n = 64). Random-
ization was carried out in 32 quadruple blocks using 
the block randomization method. One group received 
a mixture of albumin and furosemide simultaneously, 
and the other group received albumin and furosemide, 
respectively (after the albumin infusion was finished). 
Albumin 20% infused intravenously 0.5 to 1 g/kg/dose 
over 30 to 60 minutes and furosemide (20 mg/2 mL) 
administered with dose of 1 mg/kg/dose intravenously 
over 30 minutes. The double dummy method was used 
for blinding the study; each patient was assigned a 
unique nonsequential code and 2 identical syringes 
marked with codes and numbers 1 and 2. In 1 group, 
syringe 1 contains 4 mL of sterile normal saline; syringe 
2 contains 40 mg of furosemide in 4 mL, and vice versa 
in the other group. According to the protocol, syringe 
1 is injected into an albumin 20% vial, and syringe 2 is 
injected intravenously at the end of the infusion at a 
dose of 0.1 mL per kg based on the volume of prepared 
syringes. After 50% sampling, the codes are opened, 

and an interim analysis is performed in the middle of the 
study. If it is significant (p < 0.05), the end of the study is 
announced. By the end of the study, the code-breaking 
process is performed in 2 stages. In the first stage, the 
results are divided into 2 groups and analyzed, and in 
the second stage, it is determined which intervention 
was conducted in which group.

Data and Specimen Collection. Body weight was 
measured before and after drug administration for all 
patients in the same manner in both groups. All pa-
tients were weighed using the same scale for both 
pre- and post-administration measurements, and the 
scale was calibrated weekly by the hospital’s medi-
cal engineering department to ensure accuracy. Vital 
signs, demographic information, and routine patient 
clinical tests, including serum sodium and potassium, 
BUN, and serum creatinine, are recorded before and 
after the intervention were obtained from our clinical 
laboratory. Urine sodium was randomly sampled at 
6-hour intervals during the 24 hours following study 
medication infusion. Urine was collected in 4 separate 
6-hour time blocks throughout the 24-hour period. To-
tal sodium excretion was calculated by measuring the 
sodium concentration in each sample and multiplying 
it by the corresponding urine volume. The cumulative 
total sodium excreted over the 24-hour period was 
then calculated by summing the sodium content from 
all 4 intervals. Moreover, the duration of hospitaliza-
tion and the patient’s outcome was recorded. Patients 
underwent a standard clinic visit with their physician 
on day 28 following discharge. Additionally, patients 
received weekly calls from trained pharmacists for 
interviews. A trained pharmacist evaluated for pos-
sible adverse drug reactions during and after admin-
istration. Any adverse reaction related to medications 
and method of administration such as any nausea and 
vomiting, blue lips, dizziness, pulse rate, body temper-
ature, chest pain, hypersensitivity, pale skin, flushing 
sweating, swelling in the legs and ankles, blood pres-
sure and rate of breathing was recorded to assess the 
safety of the administration methods. A project man-
ager coordinated the budget, human resources, and 
study time.

Statistical Analysis.  All statistical analyses were 
performed using SPSS statistical software (version 
26). After data collection, quantitative data were de-
scribed using mean and SD. Also, independent-test 
and T-test statistical analysis were used to compare 
the sequential versus combined groups. The signifi-
cance level (p value) was considered less than 0.05. 
The linear regression method was used to investigate 
the effect of intervening factors.

Results
In our study, initially 128 patients were selected, and 

block randomization was performed on 128 subjects. 
After 50% sampling, the codes were opened, and due 
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to the significance of the results, the end of the study 
was announced. Finally, out of 85 patients, 68 patients 
were included in our study.

The Supplemental Figure shows inclusion and exclu-
sion of patients in the intervention. The participants in 
this study were divided into simultaneous administra-
tion and sequentially administration groups, with 58.1% 
males and 41.9% females.

Table 1 indicates the demographic information of the 
patients and our study findings.

A T-test of 2 independent samples with equal vari-
ance was performed to investigate the intervention 
conducted on patients’ weight difference percentage 
[(W2-W1)/W1] and urine sodium. according to the analyti-
cal results, there was a significant relationship between 
the injection time of furosemide relative to albumin 
and weight loss (reduction of edema) in children with 
nephrotic syndrome (p = 0.0151). A t-test comparing 
urinary sodium excretion after the intervention revealed 
no significant relationship between the timing of furo-
semide and albumin administration and the amount of 
urinary sodium excreted (p = 0.337). Thus, the timing 
of administration did not influence the effectiveness of 
sodium excretion in children with nephrotic syndrome.

The relationship between serum albumin concen-
tration and serum creatinine concentration was inves-

tigated. A correlation test revealed a weak positive 
correlation between the initial concentrations of serum 
albumin and serum creatinine (correlation coefficient =  
0.273, p = 0.057).

Additionally, sex was found to significantly affect 
both serum albumin and serum creatinine concentra-
tions. Males had lower serum albumin (2.20 g/dL) 
and serum creatinine (0.53 mg/dL) concentrations 
compared with females, who had higher values (serum 
albumin = 2.44 g/dL, serum creatinine = 0.80 mg/dL). 
Due to the significant relationship between sex, serum 
albumin, and serum creatinine, these variables were 
not included in the same statistical model to avoid 
confounding.

In terms of weight difference percentage before and 
after the intervention, no significant impact was ob-
served from the initial concentration of serum creatinine 
(p = 0.463) or serum albumin concentration (p = 0.783).  
Similarly, sex did not significantly affect the weight 
difference before and after the intervention, with a p 
value of 0.497 for gender’s effect on weight change.

The vital signs of the patients in this study were 
monitored during the drug infusion. None of the 
patients had side effects or infusion reactions. The 
pharmacist who evaluated the side effects was blinded. 
The pharmacist operated under the supervision of the 

Table 1. Demographic Information and Patient Data

Simultaneous Group Sequential Group p value

Parameters Mean  
Pre-

intervention

Mean  
Post-

intervention

SD  
Pre-

intervention

SD  
Post-

intervention

Mean  
Pre-

intervention

Mean  
Post-

intervention

SD  
Pre-

intervention

SD  
Post-

intervention

Sig. 
(2-tailed) 

Pre-
intervention

Sig. 
(2-tailed) 

Post-
intervention

Age, yr 4.56 NA 3.83 NA 5.98 NA 3.36 NA 0.28 NA

Body 
weights, 
kg

20.25 19.95 15.03 14.85 22.63 22.63 10.46 10.19 0.46 0.56

Serum 
albumin, 
g/dL

2.20 NA 0.34 NA 2.40 NA 0.28 NA 0.112 NA

Initial 
serum 
creatinine, 
mg/dL

0.60 NA 0.32 NA 0.71 NA 0.55 NA 0.569 NA

Initial BUN, 
mg/dL

19.64 NA 9.25 NA 20.54 NA 12.53 NA 0.835 NA

Initial 
serum 
sodium, 
mEq/L

132.42 NA 3.57 NA 133.73 NA 3.19 NA 0.367 NA

Urine 
sodium, 
mEq/L

36.00 57.625 21.16 42.42 10.10 77.9 2.96 43.75 0.165 0.337

BUN, blood urea nitrogen; NA, not applicable
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attending pharmacist. If any issues had arisen during 
the process (though none did), the blinded pharmacist 
was required to report them to the attending phar-
macist. Also, patients’ vital signs were checked every  
6 hours for 48 hours after receiving the medicine, and 
none of the patients had any side effects caused by 
the medications.

Discussion
This study showed that sequential administration 

of albumin and furosemide improves the efficacy of 
this combination by investigating the optimal method 
of administering albumin and furosemide to children 
with nephrotic syndrome presenting with edema and 
hypoalbuminemia. Albumin and furosemide can be 
prescribed in 2 different ways when patients meet the 
clinical need for receiving these drugs. One method is 
the simultaneous administration of albumin and furo-
semide, mixed before injection. Another method is to 
administer furosemide after the completion of the albu-
min infusion. This study helps to determine the optimal 
method to reduce edema and increase the efficacy 
of furosemide in patients with nephrotic syndrome. 
Despite the high frequency of the use of albumin and 
furosemide in children with nephrotic syndrome, the 
therapeutic experience of the best method to reduce 
edema in pediatrics is limited.15

This study examined the effect of sex, serum cre-
atinine, and serum albumin concentration on the 
patient’s body weight reduction before and after the 
intervention. Moreover, in this study, to eliminate a pos-
sible influence of albumin infusion duration on weight 
loss, as discussed in some articles, albumin infusion 
was done over 1 hour after a complete examination of 
vital signs by hospital staff and the project manager. 
Furthermore, there are relatively few studies that have 
investigated the effects of age and sex on the serum 
albumin concentration in these patients. Among the 
studies that have been conducted, the findings are 
inconsistent. One study reported no difference in serum 
albumin concentration between sex and age.16 The 
data of Manolio et al,17 which were studied in the age 
range of 18 to 30 years, did not show any correlation 
between concentration of albumin and age or sex. All 
these studies were done in adults, and there was no 
detailed study on this factor in pediatrics. In our study, 
a significant relationship was observed between sex 
and serum albumin, and sex with serum creatinine, and 
to remove interfering factors, the relationship of each 
of these factors on weight was examined separately.

Some hypotheses exist for pathophysiological 
mechanisms of edema in nephrotic syndrome, includ-
ing volume depletion and overfill. Considering that the 
cause of edema and the pathophysiology of nephrotic 
syndrome in children and adults may be different,18,19 the 
effectiveness of the administration methods of these 
drugs (albumin and furosemide) in these 2 groups may 

also be different. As a result, separate investigations 
should be conducted for children and adults. Unlike 
adults, children often have more severe hypoalbu-
minemia and edema, requiring hospitalization and IV 
administration of albumin.20 There are various reasons 
why albumin is commonly used in children, including 
decreased serum oncotic pressure due to hypoalbu-
minemia, resistance to diuretics, and reduced diuretic 
effectiveness when administered to patients with ne-
phrotic syndrome,1,21–23 and reluctance to treat patients 
with diuretics alone due to concerns about dehydration 
and an increase in the risk of thromboembolism.17,22,24

In 2012, Phakdeekitcharoen and Boonyawat25 
compared the effects of furosemide and the combina-
tion of albumin and furosemide in 24 adults (66.4 ±  
12.8 patient years) with chronic kidney disease and hy-
poalbuminemia. The administrated dose for furosemide 
was less than 40 mg. Clinical endpoints measured 6 and 
24 hours after administration included urine volume, 
sodium, potassium, blood pressure, calculated GFR, 
and the albumin serum concentration. According to 
the results of their study, albumin combined with furo-
semide compared with furosemide alone produced a 
beneficial effect on diuresis and natriuresis in the short 
term (6 hours). Additionally, the researchers stated that 
their results support the hypothesis that albumin may 
assist in delivering furosemide to the site of action 
and increase renal blood flow in hypoalbuminemia 
patients.25

Some clinical trials have been published on using 
albumin and furosemide to treat edema in patients 
with nephrotic syndrome in adults and children to 
determine whether such a combination is beneficial in 
these patients.26 Due to differences in selection criteria, 
trial design, and clinical endpoints, no definitive recom-
mendation has been made regarding using albumin 
and furosemide.27 It seems beneficial to consider the 
creation of the experiment according to the doses and 
the administration methods for these 2 drugs. Both 
albumin and furosemide administration methods have 
been studied; receiving albumin and furosemide simul-
taneously or albumin infusion before furosemide. The 
timing of albumin administration is related to the time 
of furosemide administration. Albumin shows maximum 
intravascular volume-increasing effects within 30 to 60 
minutes after administration. Based on the work of Na 
et al,28 albumin administration before furosemide can 
facilitate diuresis more effectively than furosemide 
alone and should be considered as a treatment option 
in diuretic-resistant patients.8,28 Furthermore the peak 
effect of intravenous administration of furosemide is 
approximately 30 minutes29 and the peak effectiveness 
of these 2 drugs can overlap with each other.

According to an article published in 2003 by Elwell 
et al, which reviewed several studies from 1996 to 
2002,26 furosemide and albumin are sometimes com-
bined simultaneously or separately, depending on 
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the administration technique. The optimal method of 
administering these 2 drugs is controversy, and after 
rigorous search, 3 reports were found that furosemide 
and albumin were mixed before administration.1,30,31 
Interestingly, an investigation compared the efficacy 
of premixed furosemide and albumin with infusions of 
these 2 drugs separately but simultaneously into the 
contralateral forearms of similar subjects. They found 
no significant difference between these methods.31 
Although mixing the 2 drugs may have no clinical ad-
vantage over simultaneous infusion, furosemide stabil-
ity in a premixed furosemide/albumin mixture has been 
demonstrated. The combination of 60 mg of furosemide 
with 50 mL of 25% human albumin solution is chemi-
cally stable and free of microbial contamination when 
protected from light and stored at room temperature 
for up to 48 hours.32 The studies described here did not 
report any side effects associated with this combina-
tion. However, these studies were underpowered and 
were not designed to assess the incidence of rare or 
unusual adverse reactions.

According to the studies and the results presented, 
the need for a controlled clinical trial with appropriate 
samples was felt. To check whether other factors such 
as sex, concentration of creatinine before the interven-
tion, and concentration of albumin before the interven-
tion affected this response, the effect of each of these 
factors on weight loss was also analyzed. According 
to our results of the relationship, these 3 confounding 
factors could not be investigated in the same model. 
Therefore, the relationship between these factors and 
weight loss before and after the intervention was ana-
lyzed separately. According to our results, sex, serum 
creatinine concentration, and the initial serum albumin 
concentration did not affect the weight loss before and 
after the intervention or the relationship between the 
intervention and weight loss (Table 2).

Weight loss is considered a measure of the reduc-
tion of edema in patients; therefore, we investigated 
the difference in weight before and 24 hours after the 
intervention for both groups receiving albumin simul-
taneously with furosemide and the group receiving 
furosemide following albumin infusions. It was demon-
strated that children receiving albumin and furosemide 

sequentially experienced more weight loss and, there-
fore, more significant edema reduction.

Also, the amount of urinary sodium, which indicates 
the effectiveness of furosemide in patients, was exam-
ined in 18 of these patients (9 patients in each group), 
and the results demonstrated no significant difference 
in the amount of urinary sodium in the 2 groups. This 
negative finding could very well reflect the small sample 
size, the use of a spot urine sample combined with the 
random timing of obtaining the spot sample post study 
drug administration.

No adverse reactions were reported during the study 
period. This may be related to the short duration of the 
intervention, and the patients included in the study 
were indicated to receive albumin and furosemide.

Limitations
Urine spot sodium testing has limitations as an indica-

tor of total sodium output. It can be influenced by factors 
such as hydration status, urine concentration, and timing 
of collection. In pediatric patients, particularly younger 
children, obtaining a reliable sample may be challeng-
ing, and variability in urine output can further affect ac-
curacy. Thus, spot urine sodium should be interpreted 
with caution, especially in pediatric populations.

Conclusion
There was a significant difference between weight 

loss in the 2 groups that received albumin and furose-
mide simultaneously or sequentially. Because weight 
reduction is the most basic clinical parameter in assess-
ing the edema reduction in pediatrics, we employed 
this metric to assess it in these patients. According to 
this study it seems that sequential administration of 
furosemide after infusion of albumin is more effective 
and sequential injection of these 2 drugs can be the 
preferred method to reduce edema in pediatric patients 
with nephrotic syndrome.
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Table 2. T-test Interventions Performed on the Weight Difference Percentage of Patients*

Interventional Groups Number Mean SE SD CI (conf. 95%) Approximate 
Interval

Simultaneous group 32 0.009333 0.009202 0.035638 −0.0104 0.029069

Sequential group 32 0.048625 0.01193 0.047721 0.023196 0.074054
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The difference between 
the 2 groups

−0.03929 0.01521 −0.0704 −0.00818

* p = 0.0151; degree of freedom = 29; t = −2.5833 D
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Implementation of Methicillin-Resistant Staphylococcus 
aureus (MRSA) Nasal Polymerase Chain Reaction (PCR) 
Screening in Pediatric Patients for De-escalation of 
Antibiotics
Hannah Bischoff, PharmD; Katherine Marie Richardson, MD; Beth Addington, PharmD; Sarah Withers, PharmD, MS;  
Carmen Faulkner-Fennell, PharmD; and Heather Hughes, PharmD

OBJECTIVE Recent literature supports the use of methicillin-resistant Staphylococcus aureus (MRSA) nasal 
polymerase chain reaction (PCR) screening to guide de-escalation of anti-MRSA antibiotics. The objective of 
this study was to expand on the limited pediatric data, encouraging the use of MRSA nasal PCRs as a tool to 
guide de-escalation of anti-MRSA antibiotics.

METHODS This single center, pre- and post-interventional, retrospective cohort study compared antibiotic 
regimens in pediatric patients treated empirically with anti-MRSA antibiotics, with and without MRSA nasal 
PCRs. Use of MRSA nasal PCRs in the pediatric hospital was encouraged following an antimicrobial stew-
ardship provider-led continuing education presentation. The primary outcome was duration of therapy of 
anti-MRSA antibiotics in days. Secondary outcomes included positive predictive values (PPVs) and negative 
predictive values (NPVs) for all infections, pneumonia, and skin and soft tissue infections.

RESULTS A total of 319 patients were included in the study, 252 in the pre-intervention group and 67 in the 
post-intervention group. The duration of anti-MRSA antibiotic therapy in the pre-intervention group was 
6.6 days compared with the post-intervention group at 2.0 days (p value = 0.027). Using data from  
38 patients with concordant culture results for the infectious diagnosis, overall NPV was calculated as 92.1%. 
Skin and soft tissue infections and pneumonia were found to have NPVs of 90.1% (22 patients) and 100%  
(5 patients), respectively.

CONCLUSION Implementation of MRSA nasal PCRs in pediatric patients significantly reduced the duration of 
anti-MRSA antibiotic therapy, promoting their utility for antimicrobial stewardship.

ABBREVIATIONS IDSA, Infectious Diseases Society of America; IV, intravenous; MRSA, methicillin-resistant 
Staphylococcus aureus; NPV, negative predictive value; PCR, polymerase chain reaction; PPV, positive 
 predictive value; SSTIs, skin and soft tissue infections; VAP, ventilator-associated pneumonia 

KEYWORDS anti-MRSA; diagnostic; MRSA nasal PCRs; pediatric; retrospective
J Pediatr Pharmacol Ther 2025;30(3):347–351

DOI: 10.5863/JPPT-24-00062

Introduction
The current adult Infectious Disease Society of America 

(IDSA) and the American Thoracic Society guidelines for 
community-, hospital-, and ventilator-acquired pneumonia 
mention use of nasal screening for de-escalation of anti–
methicillin-resistant Staphylococcus aureus (anti-MRSA) 
antibiotics.1,2 These guidelines state that depending on 
relative patient risks and prevalence of MRSA, a nega-
tive MRSA nasal polymerase chain reaction (PCR) result 
suggests pneumonia is likely not due to MRSA and anti-
MRSA antibiotics can be discontinued. It is anticipated 
that additional data, including other disease states, will 
be forthcoming about the utility of the MRSA nasal PCRs.

MRSA nasal PCRs have a 96.5% negative predic-
tive value (NPV) for treatment of community-acquired 
pneumonia, hospital-acquired pneumonia, and 
ventilator-associated pneumonia.3 In Mergenhagen 
et al,4 de-escalation of anti-MRSA antibiotics in adults 
was achieved by using MRSA nasal PCRs in several 
different types of infections including bloodstream, 
intra-abdominal, respiratory, wound, and urinary. In 
this study the NPVs were 96.1% for bloodstream and 
respiratory infections, 98.6% for intra-abdominal, 93.1% 
for wound, and 99.2% for urinary infections. Because 
most studies looking at MRSA nasal PCRs took place 
in adult patients, the question of whether or not these 
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data are generalizable to the pediatric population re-
mains. In 1 single center retrospective analysis of 95 
pediatric patients, MRSA nasal PCRs showed an NPV 
of 95.5% in multiple types of infections.5 The objective 
of this study was to expand on the limited pediatric 
literature, encouraging the use of MRSA nasal PCRs 
in pediatric patients as a tool to guide de-escalation of 
anti-MRSA antibiotics.

Materials and Methods
Study Design.  This single center, pre- and post-

interventional, retrospective cohort study evaluated 
pediatric patients who were initiated on anti-MRSA an-
tibiotics for any infection at Prisma Health Children’s 
Hospital – Upstate between March 1, 2022, and Au-
gust 31, 2022 (pre intervention) and March 1, 2023, to 
August 31, 2023 (post intervention). As part of Prisma 
Health- Upstate’s pediatric antimicrobial stewardship 
team, our lead pediatric infectious diseases physician 
provided a continuing education presentation to pedi-
atric inpatient faculty. The presentation promoted the 
use of MRSA nasal PCRs, was presented on Febru-
ary 6, 2023, and was used as the intervention of the 
study. She discussed the benefits and place of thera-
py for MRSA nasal PCRs, based on existing adult and 
pediatric primary literature.

Patients in the pre-intervention group were found by 
using medication administration reports for the included 
anti-MRSA agents. Patients in the pre-intervention 
group were not excluded if they received an MRSA 
nasal PCR. In the post-intervention group, patients were 
found by using the MRSA nasal PCR usage report for 
the selected dates, then filtered to patients younger 
than 18 years. They were included if they were younger 
than 18 years, admitted for inpatient treatment, and 
received at least 1 dose of, or were treated with 1 of 
the following anti-MRSA agents: clindamycin, dapto-
mycin, linezolid, or vancomycin. Excluded patients 
included those in the neonatal intensive care unit ow-
ing to existing hospital protocols screening for MRSA 
surveillance. Patients receiving the anti-MRSA agents 
ceftaroline, sulfamethoxazole/trimethoprim, and doxy-
cycline were excluded because these medications, with 
the exception of ceftaroline, were generally used for 
disease processes other than MRSA infections, such as 
Pneumocystis jirovecii prophylaxis or tick-borne infec-
tions. With ceftaroline being a restricted antimicrobial, 
it was excluded because it was unlikely for patients 
to undergo de-escalation. Patients were identified by 
using administration reports for included anti-MRSA 
agents, along with a MRSA nasal PCR collection report. 
No restriction was placed on timing of MRSA nasal PCR 
collection.

Outcomes. The primary outcome of this study was 
to compare the median number of days patients re-
ceived anti-MRSA agents before and after implemen-
tation of MRSA nasal PCRs. Secondary outcomes in-

cluded duration of intravenous (IV) antibiotic therapy, 
hospital length of stay, number of patients who re-
quired surgical interventions for infections, types of in-
fections, comparison of empiric anti-MRSA antibiotics, 
comparison of oral antibiotic prescribed (if applicable), 
number of patients with cultures, evaluation of culture 
results, positive predictive values (PPVs) and NPVs of 
MRSA nasal PCRs, and specificity and sensitivity of 
MRSA nasal PCRs.

Statistical Analysis. Continuous variables were as-
sessed with the Wilcoxon rank sum test. Categorical 
data were assessed with the Fisher exact test. Results 
are reported as median values (IQR, 25–75). All statis-
tical analyses were analyzed by using SAS statistical 
software. p values <0.05 were considered statistically 
significant.

Results
Study Population.  A total of 454 patients were 

screened. There were 252 included patients in the pre-
intervention group and 67 in the post-intervention group. 
Excluded patients included 32 patients discharged from 
the emergency department, 6 patients admitted to the 
neonatal intensive care unit, and 54   patients who did 
not receive an anti-MRSA antibiotic.

Patient demographics are summarized in Table 1. 
Similarities between the pre-intervention group and 
the post-intervention groups were observed in terms 
of sex, age, and hospital length of stay. Differences in 
the empiric anti-MRSA agent were seen between the 2 
groups, with the pre-intervention group using clindamy-
cin more (122 patients [48.41%] vs 13 patients [19.4%]) 
than the post-intervention group. The post-intervention 
group did use more vancomycin (123 patients [48.81%] 
vs 51 patients [76.12%]). More pneumonia infections 
were found in the post-intervention group (20 pa-
tients [7.94%] vs 17 patients [25.37%]). Other infections 
included bone and joint infections and were seen at a 
higher rate in the post-intervention group (85 [33.73%] 
vs 43 [64.18%] patients). Head, eyes, ears, nose, and 
throat infections were seen at a higher rate in the pre-
intervention group (57 patients [22.62%]) vs zero seen 
in post-intervention group.

Primary Outcome. The primary outcome was total 
duration of MRSA coverage. The total duration was 
shorter in the post-intervention group than the pre-in-
tervention group (6.6 days [IQR, 1.5–10.3] vs 2.0 days 
[IQR, 1.0–8.5]; p = 0.027).

Secondary Outcomes.  An NPV for all infections 
was calculated to be 92.10% and included 38 pa-
tients in total. Breaking this down further, 22 of the 
patients had a skin and soft tissue infection (SSTI) 
with correlating cultures giving an NPV of 90.1%. An 
NPV for pneumonia was also calculated at 100.0% 
and included 5 patients in total. A PPV of 50% was 
calculated for all infections and included 6 patients 
(Table 2).
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Discussion
The most recent IDSA hospital-acquired pneumonia/

ventilator-acquired pneumonia guidelines recommend 
the use of MRSA nasal PCRs for de-escalation of an-

tibiotic therapy and increased antimicrobial steward-
ship.2 The amount of data regarding the utility of this 
diagnostic test for other indications, including sepsis, 
SSTI, to name a few, is increasing. The data in previous 

Table 1. Patient Baseline Characteristics

Pre Intervention (n = 252) Post Intervention (n = 67) p value

Male sex, n (%) 131 (52.61) 38 (56.72) 0.550

Hem/Onc, n (%) 39 (15.48) 9 (13.43) —

Age, n (%) 0.178
 <12 mo 22 (8.73) 12 (17.91)
 1–5 yr 99 (39.29) 22 (32.84)
 6–12 yr 68 (29.98) 18 (26.87)
 >12 yr 63 (25.00) 15 (22.39)

Length of hospital stay, 
median (IQR), days

3 (2–6) 4 (2–8) 0.081

Type of infections, n (%)
 PNA 20 (7.94) 17 (25.37) <0.001
 SSTI 108 (42.86) 35 (52.24) 0.170
 Bacteremia 31 (12.30) 1 (1.49) 0.004
 Sepsis 10 (3.97) 2 (2.99) 0.707
 CNS infections 18 (7.14) 0 (0.00) 0.024
 HEENT 57 (22.62) 0 (0.00) <0.001
 Other 85 (33.73) 43 (64.18) <0.001

Empiric IV MRSA covering 
agent, n (%)

<0.001 Clindamycin 122 (48.41) 13 (19.40)
 Daptomycin 4 (1.59) 0 (0.00)
 Linezolid 3 (1.19) 3 (4.48)
 Vancomycin 123 (48.81) 51 (76.12)

CNS, central nervous system; HEENT, head, eyes, ears, nose, and throat; Hem/Onc, hematology/oncology; IV, intravenous; MRSA, methicillin-
resistant Staphylococcus aureus; PNA, pneumonia; SSTI, skin and soft tissue infection.

Table 2. Secondary Outcomes

Pre Intervention (n = 252) Post Intervention (n = 67) p value

Length of IV anti-MRSA coverage, 
median (IQR), days

1.29 (0.66–2.00) 1.00 (0.75–2.00) 0.993

Total duration antibiotic coverage, 
median (IQR), days

10.00 (6.66–14.00) 10.54 (7.08–17.00) 0.148

Cultures,* n (%) 220 (87.30) 63 (94.03) 0.122

Culture results, MRSA, n (%) 31 (14.09) 5 (7.94) 0.003

Surgical intervention,† n (%) 100 (42.19) 30 (37.97) 0.5092

Narrowed therapy without MRSA 
results, n (%)

35 (13.94) —

Narrowed therapy following MRSA 
PCRs,‡ n (%)

1 (7.69) 32 (47.76) 0.007

IV, intravenous; MRSA, methicillin-resistant Staphylococcus aureus; PCRs, polymerase chain reactions

*  Any of the following: blood, wound or abscess, respiratory, urine, cerebral spinal fluid.
†  Any surgical intervention aimed at gaining primary source control including but not limited to tooth extractions, video-assisted thoracoscopic 

surgery, incision and drainage of wound or abscess.
‡ Patient received MRSA nasal PCR, and anti-MRSA therapy was discontinued.
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trials support the use of the MRSA nasal PCRs, owing to 
its high NPV of >90%, for most infections.4,6 This study 
found a similar NPV for all infections and expanded 
these data to pinpoint the NPV for pneumonia and 
SSTIs in pediatric patients. Both pneumonia and SSTIs 
maintained an NPV of >90% individually.

With the information published, our pediatric provid-
ers began using the MRSA nasal PCRs in their daily 
practice, without an official change to hospital proto-
cols. Our retrospective study found that using MRSA 
nasal PCR screening decreased the number of days 
patients received anti-MRSA therapy. The increased an-
timicrobial de-escalation has the potential to decrease 
the risk for adverse events associated with anti-MRSA 
agents and may increase cost savings, based on associ-
ated drug monitoring costs, although these endpoints 
were not evaluated.

The implementation of MRSA nasal PCR testing 
decreased the number of anti-MRSA antibiotic days, 
correlating to an increased provider willingness to 
de-escalate antibiotics when compared with the pe-
riod before its use. Despite this, providers opted to 
de-escalate therapy in only about 50% of cases in the 
post-intervention group. Although specific reasons 
for providers' reluctance to de-escalate therapy were 
not captured, this presents an opportunity for future 
pharmacy-provider education and antimicrobial stew-
ardship involvement. The findings from this study still 
may lead to a change in protocol, as the adult hospital 
associated with our campus has a pharmacy-driven 
protocol for ordering the MRSA nasal PCRs following 
a vancomycin consult to pharmacy for dosing. In the 
current adult protocol, the only infections included 
are those with significant data supporting MRSA nasal 
PCRs and consist of sepsis, pneumonia, and SSTIs. The 
results of this study provide rationale for the expansion 
of this protocol to pediatric patients.

Our study has limitations. First, the small pre- and 
post-intervention sample size. Owing to the timeline 
of our intervention, the data collection period was 
compressed, resulting in the small sample size. Second, 
the intervention was a one-time, virtual presentation. 
This led to decreased attendance and limited personal 
connection and questions. The material was available 
in slide format for those unable to attend the live pre-
sentation, but this still led to limited discussion and 
is not as effective as other interventional strategies. 
There were no policy changes implemented owing to 
the presentation, so the use of the MRSA nasal PCRs 
relied on changes to individual provider practice. Third, 
the inclusion of the hematology/oncology population in 
this study may have skewed the de-escalation results 
because providers may be less likely to de-escalate 
therapy in significantly immunocompromised patients. 
Additionally, trimethoprim-sulfamethoxazole was ex-
cluded from the list of anti-MRSA agents owing to its 
routine use in the oncology population for Pneumocys-

tis jirovecii pneumonia prophylaxis. Fourth, determining 
whether the reason for de-escalation was due to the 
MRSA nasal PCR or determining the reason for not de-
escalating therapy was not able to be collected owing 
to the retrospective nature of this study and the limita-
tions associated with electronic medical record review 
in this setting. This information would be beneficial to 
determine how to educate providers moving forward. 
Fifth, there was a nationwide IV clindamycin shortage 
during the post-intervention period, which led to us-
age discrepancies between the 2 groups. There was 
also a significant difference in the types of infections 
treated between the pre- and post-intervention groups, 
potentially resulting in different de-escalation practices. 
Lastly, the lack of diagnostic cultures collected resulted 
in fewer patients being available for inclusion in the 
NPV calculations.

Conclusions
Use of the MRSA nasal PCRs decreased the number 

of anti-MRSA agent days in the pediatric population at 
our center. The calculated NPVs and PPVs of MRSA 
nasal PCRs for all infections was comparable to those 
seen in current adult and pediatric literature. MRSA 
nasal PCRs are a valuable tool for antimicrobial steward-
ship by providing guidance to support discontinuation 
of unnecessary antibiotics and preventing resistance. 
In conclusion, this study demonstrates the utility of 
MRSA nasal PCRs to guide antibiotic de-escalation in 
the pediatric population.
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Dosing Recommendations for Ampicillin and Ceftriaxone 
in the Treatment of Pediatric Community-Acquired 
Pneumonia Using Monte Carlo- and Physiologic-Based 
Pharmacokinetic Simulations
Norint Tung, PharmD; Dustin Huynh, PharmD; Quang Dam, PharmD; Tri Tran, MD; Kristina G Hulten, PhD;  
Christopher J. Harrison, MD; Sheldon L. Kaplan, MD; Tyler H. Do; Amartya Setty; Lana Hoang; John S. Bradley, MD;  
and Jennifer Le, PharmD, MAS

OBJECTIVE Since 2011, Ampicillin (AMP) has been recommended as the parenteral antibiotic of choice for 
pediatric community-acquired pneumonia (CAP), but ceftriaxone (CRO) is recommended for unvaccinated 
children and those with complicated CAP. Using penicillin and CRO susceptibility data for pneumococcus, 
we evaluated the adequacy of currently recommended doses of AMP and CRO.

METHODS With nonlinear mixed-effects modeling v7.3, Monte Carlo simulations (MCS, N = 10,000) for AMP 
and CRO were conducted for 6 virtual patients aged 3 months, 1, 2, 5, 10, and 15 years. PK-Sim v9.0 was 
used to develop physiologic-based pharmacokinetic (PBPK) models for AMP (N = 4000) and CRO  
(N = 3000). The probability of target attainment (PTA) was determined for both serum and lung (epithelial 
lining fluid [ELF]) exposure to achieve free drug concentrations above the minimum inhibitory concentration 
(%fT>MIC) for pneumococci at 30% to 50% of the dosing interval.

RESULTS We performed simulations based on susceptibility data from 21 pneumococci isolated from 
children with CAP and found all 21 (100%) to be susceptible to AMP and CRO using Clinical & Labora-
tory Standard Institute/US Food and Drug Administration breakpoints, where susceptible, intermediate, 
and resistant strains of Streptococcus pneumoniae were ≤1, 2, and ≥4 mg/L for CRO and ≤2, 4, and 
≥8 mg/L for AMP (extrapolated from penicillin), respectively (where intermediate and resistant were 
considered nonsusceptible); and 18 (85.7%) were susceptible to AMP, and 19 (90.5%) to CRO using the 
European Committee on Antimicrobial Susceptibility Testing/European Medicines Agency breakpoints, 
where susceptible and nonsusceptible strains were as follows: 0.5 and 2 mg/L for CRO and 0.5 and 
1 mg/L for AMP. Both the serum and ELF, antibiotic regimens achieved >99% PTA at 30% to 50% fT>MIC 
using MCS and PBPK.

CONCLUSION In the pneumococcal conjugate era, standard doses of AMP and CRO appear to provide 
the appropriate serum and ELF exposure for clinical and microbiologic success for >98% of children with 
pediatric CAP. The required dose to achieve the desired outcomes may change if beta-lactam resistance in 
pneumococcus increases.

ABBREVIATIONS AMP, ampicillin; CAP, community-acquired pneumonia; CLSI, Clinical & Laboratory  Standard 
Institute; CRO, ceftriaxone; ELF, epithelial lining fluid; EUCAST, European Committee on Antimicrobial 
Susceptibility Testing; IDSA, Infectious Diseases Society of America; MCS, Monte Carlo simulation; MIC, 
minimum inhibitory concentration; NONMEM, nonlinear mixed-effects modeling; PBPK, physiologic-based 
pharmacokinetic; PCV, pneumococcal conjugate vaccines; PIDS, Pediatric Infectious Diseases  Society; 
PMPSSG, Pediatric Multicenter Pneumococcal Surveillance Study Group; PTA, probability of target 
 attainment; %ft>MIC, percent fraction of time above the MIC 

KEYWORDS beta-lactams; children; Monte Carlo simulation; pharmacodynamic; physiologic-based 
 pharmacokinetic simulation; pneumococcal vaccine; Streptococcus pneumoniae
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Introduction
Community-acquired pneumonia (CAP), occurring 

in 155 million children annually, continues to be a 
leading cause of childhood death worldwide.1 Even in 
a developed country, such as the United States, CAP 
is a leading cause of hospitalization in children and 
cost the health care system approximately $1 billion 
in 2009.2 The most common pathogen implicated in 
childhood CAP is Streptococcus pneumoniae, which 
is responsible for up to 44% of cases.1 With extensive 
clinical use of ampicillin (AMP) for almost 50 years, 
providing clinical and microbiologic efficacy with a 
favorable adverse event profile, 2011 guidelines from 
the Pediatric Infectious Diseases Society (PIDS) and 
Infectious Diseases Society of America (IDSA) recom-
mended AMP as the first-line treatment for pediatric 
CAP, with penicillin G as an equivalent option. For 
complicated CAP or those with a high risk of penicil-
lin resistance, ceftriaxone (CRO) was recommended. 
Oral switch therapy was recommended for recovering 
children using high-dose amoxicillin therapy because 
it was believed necessary for penicillin-nonsusceptible 
strains that were prevalent before the widespread use 
of pneumococcal conjugate vaccines (PCVs).1 The time-
dependent pharmacodynamic property of beta-lactams 
in pneumococcal infections is optimized when free 
drug concentrations are above the minimum inhibitory 
concentration (%fT>MIC) for at least 30% to 50% of the 
dosing interval.3,4

PCVs have been approved by the US Food and Drug 
Administration for the prevention of CAP for children 
in the US, the PCV 7-valent in 2000 and PCV 13-valent 
in 2010. The use of PCV-13 has significantly decreased 
the incidence of documented CAP, particularly cases 
requiring hospitalization and those that are considered 
complicated.5,6 In addition, the resistance to beta-
lactam antibiotics for pneumococcal strains isolated 
from community-acquired infections has significantly 
decreased with the widespread use of PCV-13 im-
munization.7 PCV-20 vaccine with protection against 
serotypes 1, 3, 4, 5, 6A, 6B, 7F, 8, 9V, 10A, 11A, 12F, 14, 
15B, 18C, 19A, 19F, 22F, 23F, and 33F was licensed by 
the US Food and Drug Administration in April 2023.8,9

Currently, the attainment of optimal pharmacody-
namic parameters in the era of PCV vaccination, with 
increasing antibiotic susceptibility, using guideline-
recommended beta-lactam dosing regimens has not 
been evaluated. To this end, we aimed to evaluate, by 
modeling, the probability of target attainment (PTA) of 
2 different beta-lactam antibiotics recommended by the 
pediatric CAP guidelines in achieving optimal %fT>MIC 
within the serum and epithelial lining fluid (ELF) against 
S. pneumoniae.

Methods
Monte Carlo simulations (MCS) were conducted using 

nonlinear mixed-effects modeling (NONMEM) v7.3 via 
Pirana using 6 virtual subjects (ages 3 months,1, 2, 5, 
10, and 15 years; Table 1). Individual subject weight was 
obtained by averaging the male and female weights at 
the 50th percentile from the Centers for Disease Control 
and Prevention Clinical Growth Chart for the respective 
age.10 Normal age-based serum creatinine values were 
obtained from published literature.11

Simulations (N = 10,000) were conducted to deter-
mine the PTA after the administration of 2 guideline-
recommended beta-lactam regimens (AMP 150 mg/kg/
day every 6 hours, CRO 50 mg/kg/day every 24 hours).2 
The target PTA of 90% was selected for these simula-
tions and based on free, nonprotein-bound concentra-
tions in the plasma and in ELF at concentrations above 
the MIC ranging from 30% to 50% of the dosing interval 
at steady state (which represented the onset of bac-
teriostatic activity for most beta-lactams).12 Antibiotic 
concentrations were derived using pharmacokinetic 
parameters from published literature (Table 2).13–18

Simulations were also conducted using PK-Sim to 
develop physiologic-based pharmacokinetic (PBPK) 
models, evaluating 4 virtual subjects (1, 2, 5, and 10 years; 
Table 1). Individual subject demographics provided by 
Bayer for PK-Sim were based on the 1997 National Health 
and Nutrition Examination Survey of White Americans. 
Weight was obtained by averaging the male and female 
weights at the 50th percentile from the Centers for Dis-
ease Control and Prevention Clinical Growth Chart for 
the respective age.10 Glomerular filtration rate was ob-
tained by PK-Sim from published clinical  pharmacokinetic 

Table 1. Demographic Data of Simulated Subjects

N Age, yr Weight, kg Serum Creatinine, 
mg/dL

1 0.25 6 0.24

2 1 9.55 0.28

3 2 12.7 0.3

4 5 18 0.38

5 10 32 0.53

6 15 52 0.59

Table 2. Antibiotic Pharmacokinetic Parameters

PK Parameter Ampicillin Ceftriaxone

Clearance, L/hr/kg 0.293  
(SD 0.084)14

0.0384  
(SD 0.0072)15

Volume of 
distribution, L/kg

0.3  
(SD 0.08)14

0.2615

Protein binding, % 2017 80.48,18 9517

Epithelial Lining 
Fluid:Plasma Ratio

0.5313 116
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data, and an age-based formula was used to estimate 
glomerular filtration rate.19 Physico-chemistry properties 
of both antibiotics were required for PK-Sim simulations 
and obtained from published literature and databases. 
These included, but were not limited to, molecular 
weight, lipophilicity, plasma albumin binding fraction, 
pKa values, and solubility. When determining the ELF 
concentrations, the ELF-to-plasma ratio was obtained 
from published literature.20 A concentration versus time 
curve graph was digitized from the Nahata 199914 paper 
to produce an observed data set to assess the validity 
of the AMP model (Figure 1a). For CRO, however, an 
observed data set to compare our simulated model with 
was not readily available and, therefore, was created 
using the intermittent short-infusion equation and PK 
parameters provided in the Nahata 198615 paper to also 
estimate fraction unbound using the regression equation 
from Fukumoto 200918 (Figure 1b).

Intermittent  
short-infusion MD = 

Cpssmax (CI) · (tin) · (1 – e–kτ)

(1 – e–ktin) e–ktmax

tmax = 0 and starts from the end 
of infusion

LD = (Cmax,ss)(V)

Simulations (N = 4000 and 3000 for AMP and CRO, 
respectively) were conducted using PK-Sim v9.0 to 
determine the PTA of 2 guideline-recommended beta-
lactam regimens (AMP 150 mg/kg/day every 6 hours, 
CRO 50 mg/kg/day every 24 hours).2 The target PTA 
and MIC used were the same as previously described 
for the MCS modeling. Antibiotic concentrations were 
derived using pharmacokinetic parameters from pub-
lished literature (Table 2).13–18

The following CLSI breakpoints were used for 
nonmeningitis infections: susceptible, intermedi-
ate, and resistant strains of S. pneumoniae were 
≤1, 2, and ≥4 mg/L for CRO and ≤2, 4, and ≥8 mg/L 
for AMP (extrapolated from penicillin), respectively 
(where intermediate and resistant were considered 
nonsusceptible).21 Additionally, EUCAST breakpoints 
used for susceptible and nonsusceptible strains were 
as follows: 0.5 and 2 mg/L for CRO and 0.5 and 1 mg/L 
for AMP.22 The MIC data used in our study were based 
on 2018 surveillance from a program spanning almost 
3 decades by the US Pediatric Multicenter Pneumo-
coccal Surveillance Study Group (PMPSSG) focusing 
on isolates of S. pneumoniae from lower respira-
tory tract infections after PCV-13 vaccination from 
2007–2018.23,24 Each virtual patient was stochastically 
assigned an MIC based on the frequency distribution 
of PMPSSG susceptibility data from 2018.

Results
The CRO regimen achieved 100% PTA in the serum 

for 30% to 50% fT>MIC at both CLSI and EUCAST sus-

ceptible breakpoints and 2018 PMPSSG susceptibility 
data (Figure 3a and b and Tables 3 and 4, respectively) 
for both simulation methods (NONMEM and PK Sim). 
AMP regimen achieved >99% PTA in the serum for 30% 
to 50% fT>MIC at both CLSI and EUCAST susceptible 
breakpoints and 100% PTA in the serum for 30% to 
50% represented in the assigned MIC based on 2018 
PMPSSG susceptibility data (Figure 3a and b and Tables 
3 and 4, respectively) for both simulation methods. CRO 
achieved 100% PTA in the serum even at both its CLSI 
“resistant” and EUCAST “nonsusceptible” breakpoints 
(i.e., 4 and 2 mg/L, respectively; Figure 3).

Serum and Epithelial Lining Fluid Data. Compared 
with serum, the PTA in the ELF was lower for AMP. As 
expected, given ELF penetration of 100% (Table 2), 
CRO achieved 100% PTA for 30% to 50% fT>MIC in 
both serum and ELF, even at the CLSI and EUCAST 
nonsusceptible breakpoints. At 30% to 40% fT>MIC 
in the ELF, 100% PTA was achieved at both CLSI and 
EUCAST susceptible MIC values, and at 30% fT>MIC, 
100% PTA was achieved at the nonsusceptible break-
point for AMP in the MCS. Whereas in the PK-Sim simu-
lation, for the goal of achieving 30% fT>MIC in the ELF, 
100% PTA was achieved at susceptible MIC values.

AMP and CRO both displayed good PTA profiles. 
Overall, the PTA was higher when using a more easily 
achieved lower %fT>MIC in both serum and ELF (30% 
vs 50%). In the serum, 100% PTA was achieved for AMP 
administered every 6 hours at 30%, 40%, and 50% 
fT>MIC when MIC was 8, 4, and 1 mg/L, respectively, 
for the MCS antibiotic concentrations (Figure 3a). One 
hundred percent PTA in serum was achieved for AMP 
administered every 6 hours at 30%, 40%, and 50% 
fT>MIC when MIC was 4, 1, and 0.5 mg/L, respectively, 
for the PK-Sim antibiotic concentrations (Figure 3b). 
The ELF data demonstrated 100% PTA achievement for 
AMP administered every 6 hours at 30%, 40%, and 50% 
fT>MIC when MIC was 4, 2, and 1 mg/L, respectively, 
for the MCS antibiotic concentrations (Figure 3a). One 
hundred percent PTA in ELF was achieved for AMP ad-
ministered every 6 hours at 30%, 40%, and 50% fT>MIC 
when MIC was 4, 1, and 0.5 mg/L, respectively, for the 
PK-Sim antibiotic concentrations (Figure 3b). Given that 
the susceptible breakpoint for CRO is 1 (CLSI) and 0.5 
(EUCAST) mg/L, 100% PTA was retained in both serum 
and ELF when MIC was ≤4 mg/L even at 50% fT>MIC 
for both simulation methods (Figure 3a and b).

Susceptibility Data. Compared with the pre–PCV-
13 from 1993–2001, the susceptibility of S. pneu-
moniae to penicillin and CRO improved post–PCV-13 
vaccination from 2007–2018 (Figure 2).23,24 If this sus-
ceptibility trend continues to hold true, the currently 
recommended PCV-20 will further improve suscepti-
bility to penicillin and CRO. The data on susceptibility 
impact by PCV-20 have not been published.

When using the PMPSSG susceptibility data obtained 
during the PCV-13 period, for AMP, 100% PTA was seen 
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at 30% to 50% fT>MIC when each patient was stochas-
tically assigned an MIC based on the 2018 PMPSSG 
susceptibility data for both the MCS and PK-Sim serum 

antibiotic concentrations (Tables 3 and 4). For CRO, 100% 
PTA was seen at 30% to 50% fT>MIC when each patient 
was stochastically assigned an MIC based on the 2018 

Figure 1. PK-Sim Models (Concentration [mcg] vs Time [h]). (a) Ampicillin. (b) Ceftriaxone.
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PMPSSG susceptibility data for both the simulation’s 
serum and ELF antibiotic concentrations (Table 3a and b).

In addition to similar PTA profiles produced by both 
the MCS and PBPK simulations (Tables 3 and 4), the 
PK-Sim models were visually comparable to observed 
data. Both the digitized concentration versus time graph 
and the observed data set derived from the intermittent 
short-infusion equation (for AMP and CRO, respectively) 
matched the simulated curve, providing validity upon 
visualization (Figure 1a and b).

Discussion
While a wide range of antibiotics can easily be 

evaluated in vitro for antibacterial effect against  

S. pneumoniae, selecting the best antibiotic and dose 
effective for pneumonia is based on achieving sufficient 
antibiotic exposure at the site of infection. The rate 
of eradication of the pathogen at the site of infection 
varies between antibiotic classes with respect to the 
antibiotic concentration and the time the antibiotic is 
present at the site of infection. Pharmacodynamics is 
the term used to describe the concept of the different 
observed bacterial eradication rates as a function of 
dosing and, therefore, exposure. Some antibiotics kill 
the pathogens more rapidly at higher exposures, often 
in direct proportion to increasing antibiotic concentra-
tions (e.g., aminoglycosides). Other antibiotics just re-
quire a specific amount of time at the site of infection in 

Figure 2. Susceptibility data for penicillin (a) and ceftriaxone (b) against S. pneumoni-
ae respiratory isolates collected from pediatric patients from the Pre-PCV-13 Period 
(1993–2001) and post-PCV-13 period (2007–2018) minimum inhibitory concentration 
(MIC) vs percent of isolates.
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concentrations of free, unbound antibiotic above the 
MIC to kill the pathogen (e.g., beta-lactams), described 
as %fT>MIC. In this scenario, higher concentrations do 
not enhance rapid killing, nor does prolonged exposure 
beyond that required for inhibition.

The best empiric antibiotic dose is the one that is 
sufficient to cure the specific infection in most children. 
Achieving the antibiotic exposure associated with a cure 
in 90% to 95% of those infected is a standard target for 
otherwise healthy patients with non-central nervous 
system infections. In special circumstances, such as a 
neutropenic host, where failure may lead to death, 98% 
to 99% would be a more appropriate target to achieve. 
Higher doses may be appropriate and well tolerated for 
some classes of antibiotics (beta-lactams); however, for 
others (aminoglycosides), higher doses should be avoid-
ed as they can be associated with increased side effects.

Using available data for susceptibility of pneumococ-
cus to beta-lactams and population pharmacokinetics 
of AMP and CRO during the creation of the PIDS/
IDSA Pediatric CAP Guidelines, efforts were made to 
incorporate pharmacodynamic dosing concepts into 
the actual recommendations, rather than merely citing 
literature on doses previously used in clinical trials.2 
A  full explanation of the rationale behind pharmaco-
dynamic dosing was not presented in the guidelines. 
We now present a more complete explanation of the 
way in which pharmacodynamics, MCS, and PK-Sim 
PBPK modeling can be used to determine the most ap-
propriate dose to recommend to health care providers 
based on the current susceptibilities of clinical isolates 
collected from pediatric patients.

We report the first MCS of the pharmacodynamics 
of PIDS/IDSA guideline-recommended beta-lactam 

Figure 3a. (NONMEM) Probability of target attainment of beta-lactams against S. pneumoniae using 
Clinical & Laboratory Standard Institute (CLSI)* and European Committee on Antimicrobial Susceptibility 
Testing (EUCAST)† breakpoints in the serum and epithelial lining fluid (ELF).

x-axis represents the percent fraction of time above the minimum inhibitory concentration.

*  For susceptible and non-susceptible (intermediate and resistant isolates), minimum inhibitory concentration (MIC) = 2, 4, and 8 mg/L, 
respectively, for ampicillin.

*  For susceptible and non-susceptible (intermediate and resistant isolates), MIC = 1, 2, and 4 mg/L, respectively, for ceftriaxone.
†  For susceptible and non-susceptible, MIC = 0.5 and 1, respectively, for ampicillin.
†  For susceptible and non-susceptible, MIC = 0.5 and 2, respectively, for ceftriaxone.
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regimens for pediatric CAP in the serum and ELF before 
and after the era of conjugate pneumococcal vaccina-
tion with PCV-13. Using the PMPSSG penicillin and CRO 
susceptibility data for S. pneumoniae strains before 
and after the advent of PCV-13, we observed that a 
vast majority of strains had MIC values well below even 
the EUCAST breakpoints for susceptibility both before 
and after widespread use of PCV-13 (77.6% [N = 500 of 
644] and 75.9% [N = 337 of 444] for penicillin; 90.5% 
[N = 582 of 643] and 83.4% [N = 367 of 440] for CRO, 
respectively), a trend that we believe will continue in 
the era of PCV-20 vaccine.23,24

Our data demonstrated that guideline-recommended 
regimens for both AMP and CRO for pediatric CAP 
are pharmacodynamically effective against recent 
S.  pneumoniae strains because they achieved desir-
able pharmacodynamic parameters, including the con-
centrations via MCS and PK-Sim that displayed good 
PTA profiles in both serum and ELF. These findings sup-

port the first-line use of beta-lactams for the treatment 
of community-acquired pediatric CAP.25–27 Furthermore, 
adherence to guideline recommendations has not been 
associated with adverse events, and the use of narrow-
spectrum antibiotics (i.e., penicillins), as compared with 
vancomycin and broad-spectrum antibiotics previously 
used for penicillin-resistant pneumococci, resulted in 
shorter hospital stay.2,28–30

Of note, in our study, we evaluated standard doses 
on the lower end of the dosing range from guideline 
recommendations from 2011 and additional doses 
below the recommendations. As these doses have 
shown sufficient pharmacodynamic attainment in our 
analyses, higher doses are not likely to be necessary 
for the treatment of routine pediatric CAP, given the 
current susceptibility profiles of pneumococcus. In fact, 
most S. pneumoniae clinical isolates modeled in our 
study displayed MICs well below the CLSI and EUCAST 
susceptible breakpoints for penicillin, AMP, and CRO 

Figure 3b. (PK-Sim) PTA of beta-lactams against S. pneumoniae using CLSI* and EUCAST† breakpoints 
in the serum and ELF.

x-axis represents the %fT>MIC.

*  For susceptible and nonsusceptible (intermediate and resistant isolates), MIC = 2, 4, and 8 mg/L, respectively, for ampicillin.
*  For susceptible and nonsusceptible (intermediate and resistant isolates), MIC = 1, 2, and 4 mg/L, respectively, for ceftriaxone.
†  For susceptible and nonsusceptible, MIC = 0.5 and 1, respectively, for ampicillin.
†  For susceptible and nonsusceptible, MIC = 0.5 and 2, respectively, for ceftriaxone.
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both before and after the pneumococcal conjugate 
vaccine use was widespread.

There are several limitations to our analysis. The 
pharmacokinetic parameters used in our simulations 
often originated from older, small studies with varying 
methodologies. In addition, some parameters were 
extrapolated from adult data because no pediatric data 
were available. This analysis was only preliminary, and 
prospective, controlled studies need to be conducted 
to confirm findings. Analyzing these regimens in the 
context of more resistant S. pneumoniae strains and in 
subjects, real or simulated, with altered pharmacokinet-
ics (i.e., critically ill and renally impaired or those with 
augmented renal clearance) may also be warranted. 
Additionally, the use of breakpoints, which are an inter-

pretation of the MIC, may underestimate the ability of a 
beta-lactam antibiotic to successfully treat an infection, 
as higher doses of AMP and CRO may achieve the 
required target exposure for pneumococci with higher 
MICs, even for strains labeled as nonsusceptible.

PBPK modeling is an area that holds the potential to 
further validate dosing recommendations in popula-
tions with scarce clinical data. PK-Sim is a whole-body 
PBPK modeling tool that can be used to predict human 
drug concentrations based on the physiologic proper-
ties of a drug and preclinical data in patients of various 
ethnicities, ages, and disease states. One of the major 
advantages of PK-Sim is that enzyme synthesis and 
degradation can be modeled to predict concentrations 
of parent drugs and metabolites at any given time. 

Table 4. Probability of Target Attainment from PK-Sim of Beta-Lactam Regimens Against Streptococcus pneu-
moniae with Antibiotic Concentrations Using 2018 MIC PMPSSG Susceptibility Data With Random Assignment 
of Minimum Inhibitory Concentration for Patients in the Serum and Epithelial Lining Fluid

%fT>MIC Concentration Site Probability Target Attainment, %

AMP 37.5 mg/kg 
every 6h*

AMP 37.5 mg/kg 
every 8h*

CRO 20 mg/kg 
every 24h†,‡,§

30 Serum 100 100 100
ELF 100 100 100

40 Serum 100 99.95 100
ELF 100 99.85 100

50 Serum 100 98.98 100
ELF 100 98.73 100

%ft>MIC, percent fraction of time above the minimum inhibitory concentration; AMP, ampicillin, CRO, ceftriaxone, ELF, epithelial lining fluid;  
MIC, minimum inhibitory concentration; PMPSSG, Pediatric Multicenter Pneumococcal Surveillance Study Group

* Patients 2–5 only
† Patients 2–4 only
‡ Using protein fraction unbound (fu) = 0.05 and 0.1952
§ 100% probability of target attainment was achieved for CRO 25 mg/kg and 50 mg/kg q24h

Table 3. Probability of Target Attainment from NONMEM of Beta-Lactam Regimens Against Streptococcus 
pneumoniae with Antibiotic Concentrations Using 2018 MIC PMPSSG Susceptibility Data With Random  
Assignment of Minimum Inhibitory Concentration for Patients in the Serum and Epithelial Lining Fluid

%fT>MIC Concentration Site Probability Target Attainment (%)*

Ampicillin  
37.5 mg/kg every 6h

Ampicillin  
37.5 mg/kg every 8h

Ceftriaxone  
20 mg/kg every 24h†

30 Serum 100 100 100
ELF 100 100 100

40 Serum 100 99.85 97.6
ELF 100 95.67 97.61

50 Serum 100 92.72 90.36
ELF 99.6 85.97 90.36

%ft>MIC, percent fraction of time above the minimum inhibitory concentration; ELF, epithelial lining fluid; MIC, minimum inhibitory concentration; 
NONMEM, nonlinear mixed-effects modeling; PMPSSG, Pediatric Multicenter Pneumococcal Surveillance Study Group

* Patients 1–6
† 100% probability of target attainment was achieved for ceftriaxone 25 mg/kg and 50 mg/kg q24h

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-06-14 via free access



Antibiotic Dosing by Simulation in Pediatric Pneumonia Tung, N et al

360  J Pediatr Pharmacol Ther 2025 Vol. 30 No. 3 www.jppt.org 

These models allow the integration of data that are 
not traditionally used in PK modeling, which include 
drug properties, physiological changes, and biologi-
cal parameters that can differ between populations 
of individuals. Generated PBPK models for both AMP 
and CRO yielded similar PTA to those generated by the 
MCS with >98% PTA at 30%, 40%, and 50% fT>MIC in 
both serum and ELF. We originally developed models 
for penicillin G and amoxicillin, but these were not 
included because of a lack of observed pediatric data 
to validate the use of the model.

However, PK-Sim comes with its own limitations. 
The program itself requires ample clinical trial data 
to validate PBPK models that are able to simulate 
concentrations adequately. For this reason, models 
for penicillin G and amoxicillin were omitted. Current 
published literature with the mention of PK-Sim in 
the methodology mentions the scaling of adult PBPK 
models to develop a pediatric model, possibly due to 
a lack of clinical trial data. In this study, physiologic 
drug properties and pharmacokinetic parameters 
were collected from various databases as well as 
published literature, which were then input into PK-
Sim for simulation. As this is a preliminary analysis, a 
dedicated study collecting the physiologic properties of 
the drug, pharmacokinetic parameters of the intended 
study population, and observed concentration data are 
needed to confirm simulated concentrations and help 
rationalize the difference in PTAs observed. Alterna-
tively, an adult PBPK model could be used to develop a 
pediatric model, which could then be further assessed 
for validity by comparing simulated concentrations to 
observed concentrations from the available scientific 
literature on the drug of choice.

Conclusion
Using MCS, pharmacodynamic-based dosing of beta-

lactams achieves appropriate antibiotic concentrations 
in the serum and ELF for the treatment of CAP caused 
by S. pneumoniae. Simulated antibiotic concentrations 
using PK-Sim further confirm these results for both AMP 
and CRO, highlighting the potential of PBPK modeling 
in aiding decisions for dose-finding studies or guideline 
recommendations for various populations.
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Chemical Compatibility of N-Acetylcysteine After the 
Simultaneous Intravenous Administration of Ondansetron
Stacy Brown, PhD; Benjamin Kennard, PharmD, MS; and Jim Thigpen, PharmD

OBJECTIVE This study evaluated the chemical compatibility of N-acetylcysteine (NAC) and ondansetron to 
simplify the treatment of acute nausea and vomiting during intravenous (IV) NAC administration. NAC is 
commonly used to treat acetaminophen overdose, but its 21-hour IV infusion is often interrupted for ondan-
setron administration, which can pose risks.

METHODS High-performance liquid chromatography with ultraviolet detection was used to quantify NAC. 
To simulate IV administration, a closed-circuit pump with multiple independent lines, was plumbed with 
Y-sites to circulate NAC at concentrations matching 30- and 100-kg loading doses and 4-mg ondansetron 
was pushed into the flow paths. Control lines without ondansetron were also maintained. Samples were 
collected at 10, 20, and 30 minutes postondansetron introduction. NAC concentrations in single-drug and 
combination lines were compared using an unpaired t-test with Welch’s correction (p = 0.05).

RESULTS The mean concentrations for the 100-kg dose were 55.23 and 55.28 mg/mL for control and with 
ondansetron, respectively. The 30-kg cohort included 36.38 mg/mL for control and 36.49 mg/mL with on-
dansetron. The results of the unpaired t-test for either weight illustrated that no statistical significance was 
achieved. Furthermore, the t-values of 0.2013 for 100 kg and 0.8556 for 30 kg support a less likely chance 
of significant difference.

CONCLUSION Based on this experiment, ondansetron can be introduced into an NAC infusion via IV push in 
vitro without affecting the NAC concentration in the solution. The likelihood of IV compatibility for NAC and 
ondansetron could permit no infusion interruptions, reducing unnecessary risk of acetaminophen toxicity.

ABBREVIATIONS: HPLC, high-performance liquid chromatography; IV, intravenous; LC, liquid chromatogra-
phy; LD, loading does; MS, mass spectrometry; NAC, N-acetyl cysteine; NS, normal saline; UV, ultraviolet 

KEYWORDS acetaminophen; NAC; N-acetylcysteine; ondansetron; compatibility
J Pediatr Pharmacol Ther 2025;30(3):362–366

DOI: 10.5863/JPPT-24-00075

Introduction
Acetaminophen is associated with more than 

50,000 annual emergency room visits and approxi-
mately 500 deaths, mostly attributed to unintentional 
overdose.1 Acetaminophen overdose poses a sig-
nificant risk of hepatotoxicity, especially in children 
and adolescents. N-acetylcysteine (NAC) is the most 
effective therapy for acetaminophen poisoning. How-
ever, oral and intravenous (IV) administration of NAC 
are often complicated by nausea and vomiting, with 
a reported occurrence of 23% and 9%, respectively, 
necessitating the use of antiemetics.2 Ondansetron, 
a 5-HT3 receptor antagonist, is an antiemetic often 
employed to treat acute nausea and vomiting in the 
setting of NAC use. While NAC can be used both orally 
and IV, IV administration has been associated with 
fewer side effects, shorter treatment duration, and 
lower cost.3 Protocols for NAC administration involve 
20- to 21-hour-long infusions. Any interruption of the 

infusion for incompatible or unknown compatibility 
medications involves delays in the treatment due 
to flushing, medication administration, flushing, and 
restart of the NAC. Errors could be made at any point 
during this interruption, including a failure to restart 
the NAC infusion. The risks associated with unknown 
compatibility or infusion interruption are minimized 
by determining the compatibility of ondansetron with 
NAC. The need to mitigate nausea and vomiting ap-
plies to up to 60% of patients and is often most urgent 
within the initial hours of NAC therapy. It also coincides 
with when acetaminophen serum concentrations are 
also at their peak.4,5 Administration of ondansetron is 
shown to increase overall tolerance of NAC treatment 
to a positive clinical endpoint.6,7 As such, we inves-
tigated the IV compatibility of NAC when combined 
with ondansetron to reduce the steps in treating 
acute nausea and vomiting. Some hospitals have al-
ready demonstrated the utility of a simpler “one-bag” 
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method for administering NAC, which could include 
ondansetron if chemical compatibility is confirmed.8

Methods
Equipment and Chromatographic Conditions. A Shi-

madzu high-performance liquid chromatography (HPLC) 
system, equipped with an autosampler, column oven, 
in-line degasser, and ultraviolet (UV) detection set at 
212 nm was used for all chromatographic measurements 
(Shimadzu Scientific, Kyoto, Japan). NAC  calibration so-
lutions (1–60 mg/mL) were prepared in HPLC-grade 
water. The NAC standard was acquired from Alfa Aesar 
(Haverhill, MA, USA). The chromatographic separation 
used isocratic conditions with 90% water with 0.1% tri-
fluoroacetic acid (A) and 10% acetonitrile (B) at a flow rate 
of 0.5000 mL/min (Honeywell Burdick & Jackson, Morris 

Township, NJ, USA). The analytical column was a Waters 
XBridge C18 column (4.6 × 150 mm; 3.5 μm), maintained 
at 50°C (Waters Corporation, Milford, MA, USA). All in-
jected samples were filtered using a 0.22-μm syringe 
filter before injection (Signa Aldrich, St. Louis, MO, USA). 
All sample injection volumes were 1 µL, and the autos-
ampler was purged with 2-propanol between injections 
(Fisher Scientific, Waltham, MA, USA).

The HPLC method for quantification of NAC in normal 
saline (NS) was fashioned after Gowda et al,9 who used 
an isocratic mixture of 0.1% trifluoroacetic acid in water 
and acetonitrile (96/4) on a reversed-phase column. The 
concentration of aqueous was adjusted in our method 
to ensure the retention time of NAC differed from that of 
ondansetron. While ondansetron was not quantified us-
ing HPLC-UV, as the concentration in the experimental 
samples was too low, its retention time was verified by 

Figure 1. (a) Example HPLC-UV chromatogram (212 nm) of N-acetylcysteine in normal saline 
(20 mg/mL)* (b) Example ion chromatogram (+ESI-LC-MS/MS) of ondansetron in normal 
saline (20 mcg/mL)

ESI, electrospray ionization; LC, liquid chromatography; MS, mass spectrometry;
m/z, mass-to-charge ratio; TIC, total ion chromatogram

1 Det.A Ch1/212nm

*Det, detector; HPLC-UV, high-performance liquid chromatography with ultraviolet detection; UV, Ultraviolet

(a)

(b)
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a positive electrospray ionization liquid chromatogra-
phy with tandem mass spectrometry experiment. An 
example of a UV chromatogram of NAC in NS and an 

electrospray ionization liquid chromatography with 
a tandem mass spectrometry ion chromatogram of 
ondansetron are shown in Figure 1.

Method Validation. The HPLC-UV method for NAC 
was validated in the range of 1 to 30 mg/mL over 4 
nonconsecutive days. The precision, as represented 
by the percent relative standard deviation and ac-
curacy, as represented by the percent error, were 
 assessed for each calibration point on 4 separate 
nonconsecutive days by 2 different analysts. On each 
day of  validation, a calibration curve was prepared 
with the following points: 1, 5, 10, 20, and 30 mg/mL 
NAC, and an additional 5 quality control samples 
were  prepared at each concentration. The results of 
the interday and intraday precision and accuracy are 
summarized in Tables 1 and 2, respectively. The desig-
nation of spiked concentration refers to the intended 
concentration in the preparation of the calibration 
standards. System suitability parameters were moni-
tored throughout the validation, including tailing factor, 
resolution, and theoretical plates. System suitability 
indicated symmetrical peaks that were well resolved 

Table 1. Interday Precision and Accuracy for  
HPLC-UV Assay Used in the for Quantification of 
N-Acetylcysteine in Normal Saline

Concentration 
Spiked, 
mg/mL

Concentration 
Measured,* 
mg/mL ± SD

% Error 
(n = 20)

% RSD 
(n = 20)

30 29.77 ± 0.65 0.75 2.19

20 21.37 ± 0.42 6.86 1.97

15 15.97 ± 0.38 6.46 2.40

10 10.37 ± 0.40 3.73 3.88

5 4.92 ± 0.37 1.62 7.55

HPLC-UV, high-performance liquid chromatography with ultraviolet 
detection; % RSD, % relative standard deviation
*  n = 5 replicate measurements per concentration per day, collected 

over 4 separate days.

Table 2. Intraday Precision and Accuracy for HPLC-UV Assay Used in the for Quantification of N-Acetylcysteine 
in Normal Saline

Validation 
Day

Parameter Spiked Concentration, mg/mL

30 20 15 10 5

1 Concentration measured, 
mg/mL (n = 5)

30.00 21.84 16.27 10.67 5.19

SD 0.22 0.06 0.05 0.03 0.44

% Error 0.01 9.19 8.47 6.69 3.71

% RSD 0.73 0.28 0.32 0.24 8.45

2 Concentration measured, 
mg/mL (n = 5)

30.03 21.31 16.12 10.75 5.00

SD 1.16 0.61 0.04 0.17 0.02

% Error 0.10 6.53 7.45 7.55 0.00

% RSD 3.88 2.85 0.24 1.54 0.39

3 Concentration measured, 
mg/mL (n = 5)

29.81 21.29 16.10 10.25 5.00

SD 0.23 0.21 0.16 0.22 0.27

% Error 0.62 6.46 7.34 2.45 0.00

% RSD 0.77 0.99 1.02 2.12 5.40

4 Concentration measured, 
mg/mL (n = 5)

29.25 21.05 15.39 9.82 4.49

SD 0.28 0.10 0.29 0.05 0.23

% Error 2.50 5.25 2.57 1.78 10.19

% RSD 0.94 0.46 1.86 0.48 5.20

HPLC-UV, high-performance liquid chromatography with ultraviolet detection; % RSD, % relative standard deviation
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from other  components in the chromatogram, with 
theoretical plates averaging 5036, average resolution 
of 1.92, and tailing factor of 1.34. Method selectivity 
was verified by injecting blank 0.9% sodium chloride 
from Baxter (LOT P419764, EXP Dec 2022; Deerfield, 
IL, USA) and ondansetron (Baxter, Deerfield, IL, USA; 
Lots A0E1015A [11/23] and O61096 [6/24]) diluted in 
NS at the experimental concentrations.

Chemical Compatibility Experiment.  For this ex-
periment, NAC from Sagent (Schaumburg, IL. USA; 
LOTS 7606333 [2/23], 7606476 [4/23], A000040574 
[6/23], and 7606953 [10/23]) was diluted in NS to rep-
licate loading dose (LD) concentrations for a 30- and 
100-kg patient.10,11 For the 30-kg patient LD, this in-
volved diluting 22.5 mL of the NAC drug product into 
100-mL NS for an approximate final NAC concentra-
tion of 36.7 mg/mL. For the 100-kg patient LD, 75 mL 
of NAC was diluted into 200-mL NS for an approxi-
mate final NAC concentration of 54.5 mg/mL. Two it-
erations of each LD solution were prepared, and each 
was introduced to a 250-mL Erlenmeyer flask. Each 
flask was connected on independent channels to a 
multichannel pump (MCP 3000 Digital Multichannel 
Pump, Model #13-310-662, Fisher Scientific, Waltham, 
MA, USA) using medical-grade tubing (Component 
Supply Company, Tygon ND100-65 Med/Surgical Tub-
ing, 1/16” ID, 1/8” OD, 1/32” wall, Sparta, TN, USA). The 
pump was set to continuously recirculate the prepara-
tions through 4 independent channels at the lowest 
pump flow rate setting. The tubing was plumbed to 

 accommodate a y-site junction. After allowing the NAC 
solutions to circulate through the pump for 10 minutes,  
2 mL of ondansetron drug was administered via IV 
push into the y-site for 1 channel of the 30-kg LD and 
1 channel of the 100-kg LD. For the other 30- and 100-
kg LD flasks, 2-mL NS was introduced via IV push to 
maintain consistent volume with the experimental 
samples (ondansetron flasks). Three samples (1-mL 
each) were removed from each flask at 10, 20, and 
30 minutes of circulation and filtered into autosampler 
vials. These times indicate the duration of contact be-
tween the 2 drugs in the IV solutions. These samples 
were subject to immediate HPLC analysis using the 
aforementioned method, with 1 injection per sample. 
Peak areas from the samples were compared to fresh-
ly prepared calibration standards of NAC in water, and 
NAC concentrations in the samples were calculated. 
The average calculated concentrations from the NAC +  
ondansetron samples were compared with the NAC 
(no ondansetron) samples for each loading dose us-
ing an unpaired, 2-tailed students t-test with a p value 
of 0.05 (Graph Pad Prism, v 9.03, La Jolla, CA, USA).

Results
Chemical Compatibility.  For the 30-kg patient 

LD, the NAC concentrations in the samples with 
 ondansetron added were 36.49 ± 0.32 mg/mL, while 
those without ondansetron (controls) contained 
36.38 ± 0.23 mg/mL NAC. For the 100-kg patient 
LD, the NAC concentrations in the samples with on-
dansetron added were 55.28 ± 0.44 mg/mL, while 
those without ondansetron (controls) contained 
55.23 ± 0.63 mg/mL NAC. These data are graphi-
cally represented in Figure 2. Of note, these were 
in line with the approximate concentration of NAC 
expected in the preparation of NAC solutions in NS, 
36.7 and 54.5 mg/mL, respectively. When the con-
trol and experimental groups were compared using 
an unpaired, 2-tailed student’s t-test, no statistically 
significant differences were found (30-kg LD group, 
p = 0.4062; 100-kg LD group, p = 0.8432). Addition-
ally, the retention time of the NAC peak remained 
unchanged.

Discussion
Based on this chemical compatibility experiment, 

the introduction of IV push or infusion of up to 30 
minutes of ondansetron via a y-site into an IV infusion 
of NAC at loading doses appropriate for a 30- and 
100-kg patient does not affect the NAC concentration 
in a statistically significant way. While those of the 
30- and 100-kg patients represent a high and low 
concentration, in terms of loading dose, for NAC, ad-
ditional experiments at concentrations appropriate 
for second and third doses of NAC could investigate 
if this compatibility is compromised at lower NAC 
solution concentrations. As such, our data indicate 

Figure 2. Graphical representation of calculated 
concentrations of N-acetylcysteine infusion solutions 
with and without the introduction of ondansetron. 
No statistically significant difference was detected 
between the groups using an unpaired student’s 
t-test (p < 0.05)
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that the administration of IV push or infusion of up 
to 30 minutes of ondansetron (4 mg) via a y-site into 
an NAC infusion of loading dose concentration does 
not compromise the concentration of NAC delivered 
to the patient.

Possible limitations of our study include the absence 
of ondansetron quantification during the compatibility 
experiment with NAC. Future experiments may con-
sider an assay that can simultaneously quantify both 
drugs. Additionally, our experimental conditions were 
limited because an in vitro closed-circuit pump may not 
capture all potential variables in clinical IV administra-
tion. Despite these limitations, our data support that 
ondansetron and NAC can be co-administered without 
compromising the chemical integrity of NAC, the most 
critical component of mitigating acetaminophen toxicity.
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Gluten-Free Options for the Top 100 Pediatric 
Medications
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OBJECTIVE Celiac disease and gluten sensitivities are on the rise, with a greater prevalence of the condition 
in children than adults. Resources to ascertain gluten content exist but can be incomplete and focus  
on medications for adults. The objective of this research is to determine gluten-free status of the top 
100 pediatric medications dispensed.

METHODS The top 100 pediatric medications were identified by using Optum Clinformatics Data Mart 
 database. After list creation, manufacturers and National Drug Code (NDC) for each drug were procured 
and used to contact manufacturers directly for gluten content information.

RESULTS Evaluation of 689 NDCs was completed with 50.2% of medications documented to be gluten-free. 
Additional categories were confirmed gluten-free but cannot confirm cross-contamination (22.6%), can-
not confirm gluten-free (25.7%), and contains gluten (1.5%). Resource tables were developed from findings 
though information may change, based on manufacturing ingredients and processing.

CONCLUSIONS Pediatric medications differ in gluten content, compared with medications for adults. Incom-
plete information exists regarding gluten content of medications, especially pediatric resources. Develop-
ment of a pediatric-specific resource for gluten content of commonly dispensed medications in children  
and adolescents will hopefully benefit patients with celiac disease.

ABBREVIATIONS FDA, US Food and Drug Administration; HCl, hydrochloride; NDC, National Drug Code; 
penicillin VK, penicillin V potassium 

KEYWORDS celiac disease; children; gluten; pediatric
J Pediatr Pharmacol Ther 2025;30(3):367–371
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Introduction
Celiac disease is an immune-mediated condition 

characterized by inflammation of the small intestine 
from ingesting gluten, a protein found in wheat, barley, 
and rye.1 Diagnosis of celiac disease and gluten sen-
sitivity in the United States has increased in the past 
few decades with an average 7.5% increase per year, 
in addition to cases that have gone undiagnosed.2 Chil-
dren have a significantly greater prevalence of celiac 
disease than adults.3 Currently, celiac disease has no 
cure, thus gluten avoidance not only in foods, but also in 
less commonly noted sources, such as medications, is 
the only treatment.3 Previous research and analysis on 
the gluten status of medications have focused primarily 
on commonly dispensed adult medications.4,5 Even with 
these data available, there is still a large unmet need of 
public resources for gluten status of medications and 
greater still among commonly dispensed medications 
for children. The purpose of this assessment is to sum-
marize gluten-free status of the top 100 medications 
dispensed to children and adolescents by developing 
a pediatric-specific resource for health care profession-

als to use when prescribing medications for pediatric 
patients with gluten sensitivities.

Materials and Methods
The top 100 dispensed medications to 10,000 

patients younger than 18 years were identified from 
January 1, 2020, to December 31, 2020, using Optum 
Clinformatics.6 Exclusion criteria consisted of non-oral 
medications and any National Drug Code (NDC) that 
was discontinued or no longer manufactured. Follow-
ing the creation of the medication list, each drug was 
individually reviewed in the Lexicomp database7 under 
Facts and Comparison’s Product List to procure its NDC 
and manufacturer. Each drug manufacturer was subse-
quently contacted for gluten-free status, using the NDC/
NDCs for all the top 100 medications. Manufacturers 
were first contacted through email, and if no response, 
investigators contacted companies via phone call(s). 
Information collected was organized by name, NDC, 
and gluten-free status. Gluten-free status was further 
differentiated into 4 categories: 1) confirmed gluten-free 
by manufacturer; 2) confirmed gluten-free but cannot 
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confirm cross-contamination by manufacturer, that is, 
ingredients were deemed gluten-free, but drug may 
have encountered gluten anytime during manufactur-
ing process; 3) cannot confirm gluten-free status; and 
4) contains gluten.

Results
A total of 689 NDCs was analyzed. The most dis-

pensed medication was amoxicillin 400 mg/5 mL sus-
pension with almost 2 million prescriptions dispensed, 
accounting for more than 7% of the total dispenses 
during the study period. Additional top 5 commonly 
dispensed medications were azithromycin 200 mg/ 
5 mL suspension (4.6% of total prescription dispensed), 
cefdinir 250 mg/5 mL suspension (3.4%), prednisolone 
sodium phosphate 15 mg/5 mL solution (2.1%), and 
amoxicillin/potassium clavulanate 600 mg–42.9 mg/ 
5 mL suspension (2%). Of the 689 NDCs reviewed, 
346 (50.2%) were confirmed gluten-free by the manu-
facturer, 156 (22.6%) were confirmed gluten-free but 
could not confirm cross-contamination by the manufac-
turer, 177 (25.7%) could not confirm gluten-free status, 
and 10 (1.5%) contained gluten (Figure). Overall, 95 
medications were identified to have at least 1 confirmed 
gluten-free option. Five medications were identified 
to not have a gluten-free option, which included clar-
ithromycin 250  mg/5 mL suspension, levocetirizine 
dihydrochloride 2.5 mg/5 mL solution, mebendazole 
100-mg chewable tablet, mefloquine hydrochloride 
(HCl) 250-mg tablet, and penicillin V potassium (VK) 
250 mg/5 mL oral solution. Commonly used medica-
tions and their corresponding NDCs that were con-
firmed by the manufacturer to contain gluten included 

azithromycin 250 mg (59762-2198-XX), levocetirizine 
dihydrochloride 2.5 mg/5 mL solution (45802-0680-
XX), lansoprazole 15-mg delayed-release capsule 
(00536-1236-XX, 00536-1324-XX), methylprednisolone 
4-mg tablet (00603-4593-XX, 59746-0001-XX, 59762-
4440-XX), prednisone 10-mg tablet (59746-0173-XX), 
and prednisone 20-mg tablet (59746-0175-XX). All 
NDCs for the following medications were confirmed 
gluten-free: acetaminophen-codeine 120 mg–12 mg/ 
5 mL suspension, cefixime 100 mg/5 mL suspension, 
cefixime 200 mg/5 mL suspension, lisdexamfetamine 
of all strengths, prednisolone sodium phosphate 5 mg/ 
5 mL and 25 mg/5 mL solution, and prednisolone 
 sodium phosphate 15-mg disintegrating tablet. A re-
source table was developed to include all pediatric 
medications reviewed (Table).

Discussion
Per the US Food and Drug Administration (FDA) 

requirement, for food products to be deemed “gluten-
free” or “no gluten” on a label they must contain fewer 
than 20 parts per million of gluten.8 However, the FDA 
only recommends that drug manufacturers use “con-
tains no ingredient made from a gluten-containing grain 
(wheat, barley, or rye)” as a statement for medicines 
if true.9 The statement if made is nonbinding and 
voluntary. If submitting a new drug application, manu-
facturers only need to ensure information is available 
to substantiate recommended labeling. If the drug 
application is already approved, manufacturers may 
add recommended labeling at any time if they can 
substantiate information but must add it to the next 
annual report. If using an alternative gluten statement 
or changing the product formulation to make a gluten 
statement, manufacturers must then submit a prior ap-
proval supplement. An example of alternative labeling 
(ie, “gluten-free”) is not endorsed because the FDA has 
no established criteria for such statements on oral drug 
products. Furthermore, the FDA has not determined 
whether a gluten-free statement should refer to ab-
sence of intact gluten or should also require absence 
of gluten peptides.

Currently, the amount of gluten for a unit dose of an 
oral drug is estimated to be less than 0.5 mg, which 
is less gluten than in a gluten-free diet (ie, 5–50 mg).9 
Thus, the FDA infers that those patients who have 
positive response to a gluten-free diet should be at low 
risk for gluten-related gastrointestinal problems from 
the estimated gluten in an oral drug product. Patients 
with celiac disease should be advised to avoid oral 
medications labeled as containing wheat starch or flour; 
however, patients with gluten sensitivities may need 
additional information owing to unintentional intake of 
gluten from either drug excipients or the manufactur-
ing process.8,9

Lack of gluten-free manufacturing policies is a bar-
rier for patients with gluten sensitivities.8 There are 

Figure. Percentages of gluten content in 
the top 100 pediatric medications.
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currently no validated measures to detect or quantify 
gluten content in oral drug products.9 Manufacturers 
may state their products are without gluten though 
they do not certify or test for gluten-free status.5 
Gluten categories for our pediatric resource were 
determined from manufacturers’ responses in good 
faith, and cross-contamination was concluded to 
occur with an oral drug product if gluten may have 
been encountered at any time in the manufactur-
ing process, though the ingredients were deemed 
gluten-free. Most patients with celiac disease can 
tolerate cross-contamination of approximately  
10-mg gluten, but some sensitive patients may have 
an immune response to lower gluten content, lead-
ing them to attempt to eliminate or minimize expo-
sure to gluten in drugs and other products.8–10 Our 
findings identified 5 medications—clarithromycin  
250 mg/5 mL suspension, levocetirizine dihydro-
chloride 2.5 mg/5 mL solution, mebendazole 100-mg 
chewable tablet, mefloquine HCl 250-mg tablet, and 
penicillin VK 250 mg/5 mL oral solution—that are 
without a gluten-free commonly used dosage form in 
the top 100 medications. If medications with gluten 
content are prescribed for patients with gluten sen-
sitivities, the recommendation would be to identify 
an  alternative dosage form (eg, penicillin VK solution 
to tablet), recommend a therapeutic alternative (eg, 
mefloquine tablet to doxycycline tablet),5 or if no other 
alternative options exist, then the patient may proceed 
with caution given estimated gluten of 0.5 mg or less 
for a unit dose of oral drug.9 Hopefully in the near 
future, patients will have additional alternatives, as 
several medications for celiac disease are in the drug 
development pipeline with therapeutic approaches 
consisting of breaking down gluten with enzymes, 
interrupting effects of gluten on the intestines, pre-
venting gluten modification to reduce abnormal im-
mune response, and interrupting the overall immune 
reaction from gluten.11

Limitations to our gluten-content medication list are 
the lack of over-the-counter drug products, as well as 
herbal and dietary supplements. Given the FDA ensures 
over-the-counter drug products for quality, effective-
ness, and safety, similar recommendations for gluten-
free status would carry through for their labeling. On 
the contrary, herbals and dietary supplements would 
not have the same oversight because they are not 
FDA approved, leaving their gluten content unknown 
or unsubstantiated.

Conclusion
Inactive ingredients produced from wheat starch or 

transferred through the manufacturing process can 
result in gluten content in medications.4,12 A previous 
list of medications for adults found 18% of manufac-
turers specified their medications contain gluten.4 
Additionally, 69% indicated their medications were 

gluten-free, although only 17% tested their products 
and could provide documentation. Findings from our 
assessment differed, because 50% of medications 
were documented to be gluten-free, with only 1% 
confirmed as containing gluten. Currently, gluten in-
formation in package inserts is voluntary, as the FDA 
has issued guidance for manufacturers to voluntarily 
label medications if known to be gluten-free.9 How-
ever, most medication package inserts have limited 
information regarding gluten, and potential sources 
of gluten are not always easily recognized by health 
care professionals.8 Benefits from this collective 
pediatric-specific resource will hopefully improve pa-
tient care by providing pharmacists and other health 
care providers appropriate gluten-free prescription 
options for children with celiac disease and gluten 
sensitivities, though information should be updated 
periodically by contacting the manufacturer because 
gluten content may change.8
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Carbamazepine-Induced DRESS Syndrome During 
Epstein-Barr Virus Reactivation in an Adolescent
Dhouha Sahnoun, MD; Myriam Agrebi, MD; BahaeddineDridi, PharmD; Hanen Zayani, MD; Lamia Boughamoura, MD;  
and Chaker Ben Salem, MD

Drug reaction with eosinophilia and systemic symptoms (DRESS) is a rare and potentially life-threatening 
syndrome. Herein, we present the case of a 14-year-old female who developed a diffuse erythematous rash 
with fever and facial edema 6 weeks after initiating treatment with carbamazepine and sertraline. Labora-
tory tests showed an inflammatory reaction, elevated liver enzymes, and mild eosinophilia. Serology tests 
were negative for viral hepatitis, cytomegalovirus, herpes simplex virus, and parvovirus B19, but positive 
anti-VCA IgM and anti-EBNA IgG confirmed the presence of Epstein-Barr virus reactivation. Drugs were 
withdrawn, and the patient was treated with corticosteroid. Carbamazepine was identified as the culprit 
drug after performing patch tests. Even though DRESS is rare in childhood, we present another case of 
carbamazepine-induced DRESS in an adolescent associated with EBV activation.

ABBREVIATIONS CBZ, carbamazepine; DRESS, drug reaction with eosinophilia and systemic symptoms;  
EBV, Epstein-Barr virus; NR, normal range 

KEYWORDS drug hypersensitivity syndrome; drug-related side effects and adverse reactions; 
 carbamazepine; herpesvirus 4, human; pediatrics
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Introduction
Drug reaction with eosinophilia and systemic symp-

toms (DRESS) syndrome, referred to as drug-induced 
hypersensitivity syndrome, is a distinct, potentially life-
threatening adverse reaction. It is seen in children and 
adults most often as a morbilliform cutaneous eruption 
with fever, lymphadenopathy, hematologic abnormali-
ties, and multiorgan manifestations.1 The initial event 
of this reaction is often viral reactivation; the virus in 
question is typically a member of the herpes family, 
such as human herpesvirus-6, Epstein-Barr virus (EBV), 
or cytomegalovirus.2 DRESS syndrome is more common 
in adults and rarely seen in children. The most common 
clinical presentation of pediatric DRESS includes morbil-
liform rash in more than 99% of cases.3

Recognizing this syndrome is important as the mortal-
ity rate is around 5.4%.4 DRESS syndrome must be rec-
ognized promptly and the causative drug withdrawn. It 
has been reported that the earlier the drug withdrawal, 
the better the prognosis.5

Here, we present a case of DRESS syndrome in 
which the causative agent was carbamazepine (CBZ), 
which was associated with EBV reactivation, which was 
confirmed by a positive patch test.

Case Report
A 14-year-old female was admitted to the hospital 

with fever, facial edema, and a spreading rash, evolving 

over 3 days. She was seen 6 weeks prior by a child psy-
chiatrist who prescribed a treatment consisting of CBZ 
20 mg/kg/day and sertraline 50 mg/day for depressive 
syndrome. She had no significant past medical history, 
no prior medication use, and no known allergies. On 
physical examination, her temperature was 40°C, a 
diffuse erythematous rash was noted over the trunk 
(Figure 1), the face, and extremities with evident facial 
edema, and she weighed 40 kg. CBZ and sertraline 
were immediately withdrawn and replaced by fluox-
etine with an initial dose of 10 mg/day. The patient 
received pulsed intravenous methylprednisolone 
3 mg/kg/day for 3 days and oral prednisone 0.5 mg/
kg/day for 3 weeks, followed by a gradual taper. Initial 
investigations were compatible with an inflammatory 
reaction and liver dysfunction as follows: C-reactive 
protein 65 mg/L (normal range [NR]: 0–8 mg/L), alanine 
aminotransferase 141 U/L (NR: 5–41 U/L), aspartate 
aminotransferase 114 U/L (NR: 0–50 U/L), and gamma-
glutamyltransferase 110 U/L (NR: 9–50 U/L). Initial full 
blood count showed a white blood cell count of 6.8 × 
103/µL (NR: 4.3–10 × 103/µL) and mild eosinophilia with 
11% (NR: 0–5%). Serology tests were negative for viral 
hepatitis, cytomegalovirus, herpes simplex virus, and 
parvovirus B19. Recurrent EBV infection was demon-
strated by the presence of IgM anti-VCA antibodies and 
IgG anti-EBNA antibodies in the serum taken 3 days 
after the resolution of the skin eruptions. A biopsy of the 
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skin lesions revealed a combination of mild spongiosis 
and some necrotic keratinocytes with infiltration of lym-
phocytes and eosinophils, suggesting a drug reaction.

Within 4 weeks, the outcome was favorable, with 
a resolution of symptoms. The abnormal laboratory 
test results described above had normalized. Over a 
follow-up period of 4 months, the patient had no further 
episodes of skin rash nor any symptoms of autoim-
mune disease.

To identify the inducing agent of the hypersensitiv-
ity reaction for this patient, patch tests for CBZ and 
sertraline were performed 6 months after complete 
recovery and induced a strongly positive skin reac-
tion to CBZ in 48 hours but was negative to sertraline 
(Figure 2).

In our case, the clinical, biological, and histological 
data are in accordance with the DRESS diagnosis cri-
teria. According to the Registry of Severe Cutaneous 
Adverse Reactions scoring system established by 
Kardaun et al,6 our case yielded a score of 6. Thus, the 
DRESS diagnosis was “definite” (Table 1).

Discussion
Carbamazepine and sertraline were the suspected 

culprit drugs in view of a clear temporal relationship 
between their administration and the onset of the 
symptoms (6 weeks), as well as the improvement of 
the clinical and biological disorders some weeks after 
their withdrawal.

In our case, this adverse drug reaction was reported 
as “probable” by applying the Naranjo adverse drug 
reaction probability scale for the suspected drugs7 
(Table 2). However, the role of CBZ in the occurrence 
of this adverse drug reaction was confirmed by skin 
tests. Therefore, the diagnosis of CBZ-induced DRESS 
was established.

CBZ-induced DRESS is well documented in the adult 
literature, with many case reports.8,9

In our review of the literature and according to data 
from MEDLINE, only 1 case of CBZ-induced DRESS 
during EBV infection was reported with an 8-year-old 
male during treatment with CBZ for epilepsy 9 weeks 
after drug withdrawal and corticosteroid treatment.10 
Contrary to our case, this was a primary EBV infec-
tion and not reactivation, and patch tests were not 
performed.

Only 4 documented pediatric cases of CBZ-induced 
DRESS have been previously reported.11–14 Patch tests 
were not performed in 3 cases, and viral reactivation 
was not causative.11–13 One report of an 8-year-old fe-
male who developed a DRESS syndrome 5 weeks after 
starting CBZ did not have viral reactivation, but patch 
tests were positive for CBZ.14

In children, one of the major difficulties in the diag-
nosis of drug hypersensitivity is the differentiation of 
maculopapular eruption as an allergic reaction from 
a viral exanthema, which is very common. Peripheral 
blood eosinophilia may sometimes be helpful in the 
differentiation of drug reactions from viral infections. 
If an allergy is suspected, an allergy workup is rec-
ommended. Patch tests are a useful and safe tool for 
identifying the culprit drug for the DRESS syndrome.15

The most common causative agents in pediatric 
DRESS are antiepileptic drugs (50%), including carbam-
azepine, phenytoin, and phenobarbital.3 The aromatic 
ring in the chemical structure of carbamazepine leads to 
a higher risk of hyper sensitivity reactions. Age-related 
differences in drug metabolism may result in increased 
hypersensitivity to antiepileptic drugs in young children.15

Human herpes virus HHV-6, HHV-7, herpes simplex 
virus, cytomegalovirus, and EBV reactivation have been 
associated with DRESS syndrome.16,17 The role of EBV in 
the pathogenesis of DRESS syndrome is still unclear. It 
is uncertain whether the commonly encountered viral 
infections during childhood play a role in or trigger 
hypersensitivity reactions to antiepileptic drugs in chil-
dren.15 Viral infections may change drug metabolism or 
act as danger signals, leading to an immune response.18 
Descamps et al19 proposed that EBV amplifies the T-cell 

Figure 1. Diffuse erythematous rash in the trunk.

Figure 2. Patch test results: positive to carbamaze-
pine and negative to sertraline.
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Table 1. Results of the RegiSCAR Scoring System

Items Scoring for DRESS Patient 
Results

Patient 
Score

Yes No Unknown

Fever ≥ 38.5°C 0 −1 −1 Yes 0

Enlarged lymph nodes 1 0 0 Yes 0

Eosinophilia ≥ 0.7 × 109/L 
≥ 1.5 × 109/L or ≥ 20%

1 
2

0 0 Yes 
No

1

Atypical lymphocytes 1 0 0 No 0

Skin rash > 50% BSA 
Rash suggesting DRESS

1 
1

0 
–1

0 
0

Yes 
Yes

1 
1

Skin biopsy suggesting DRESS 0 –1 0 Yes 1

Organ involvement (score 1 for each organ, 
maximal score: 2)

1 
2

0 0 Yes 
No

1

Rash resolution ≥ 15 days 0 –1 –1 No 0

Excluded other causes (≥ 3 tests of the following 
tests were negative: HAV, HBV, HCV, mycoplasma, 
chlamydia, ANA, blood culture)

1 0 0 Yes 1

Final score* 6

ANA, anti-nuclear antibody; BSA, body surface area; DRESS, drug reaction with eosinophilia and systemic symptoms; HAV, hepatitis A virus; 
HBV, hepatitis B virus; HCV, hepatitis C virus

* Final score < 2: no case, final score 2–3: possible case, final score 4–5: probable case, and final score > 5: definite case.

Table 2. Naranjo Adverse Drug Reaction (ADR) Probability Scale

Question Yes No Do Not Know 
or Not Done

Score in 
Our Case

1. Are there previous conclusive reports on this reaction? +1 0 0 +1

2. Did the adverse event appear after the suspected drug 
was administered?

+2 −1 0 +2

3. Did the adverse event improve when the drug was 
discontinued or a specific antagonist was given?

+1 0 0 +1

4. Did the adverse event reappear when the drug was 
readministered?

+2 −1 0 0

5. Are there alternative causes that could on their own 
have caused the reaction?

−1 +2 0 +2

6. Did the reaction reappear when a placebo was given? −1 +1 0 0

7. Was the drug detected in blood or other fluids in 
concentrations known to be toxic?

+1 0 0 0

8. Was the reaction more severe when the dose was 
increased or less severe when the dose was decreased?

+1 0 0 0

9. Did the patient have a similar reaction to the same or 
similar drugs in any previous exposure?

+1 0 0 0

10. Was the adverse event confirmed by any objective 
evidence?

+1 0 0 +1

Total score: +7

Scoring of Naranjo algorithm: >9 = definite ADR; 5–8 = probable; 1–4 = possible ADR; 0 = doubtful ADR

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-06-14 via free access



Carbamazepine-induced DRESS in an adolescentSahnoun, D et al

 J Pediatr Pharmacol Ther 2025 Vol. 30 No. 3 375www.jppt.org 

activation induced by drugs and participates in develop-
ing visceral manifestations.

The concept that DRESS is no more than a viral 
disease triggered by a direct effect of drugs on virus 
reactivation and proliferation has been proposed.16,20 
Immunosuppression from treating DRESS with cortico-
steroids could contribute to viral reactivations.21

Conclusion
Even though DRESS is rare in childhood, we present 

here another case of carbamazepine-induced DRESS 
in an adolescent associated with EBV activation and 
confirmed by a positive patch test. Clinicians should 
be aware of the severe adverse effects that could be 
induced by CBZ in pediatric patients.
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A Case Series of the Use of Intranasal Dexmedetomidine 
for Procedural Sedation in the Pediatric Emergency 
Department
Haili Gregory, PharmD; Claire Bethel, MD; Greta Anton, PharmD; Megan Whitaker, RN; and Shiva Zargham, MD

Procedural sedation in children has the propensity to result in costly hospital admissions and prolonged 
lengths of stay in emergency departments due to the coordination and resources required for comple-
tion. The use of intranasal (IN) dexmedetomidine in children for procedural sedation has been growing in 
popularity and demand in many clinical settings. Dexmedetomidine is a centrally acting alpha-2 agonist with 
anesthetic and anxiolytic properties, making it a useful option for sedation. Additional benefits of its use 
in the pediatric emergency department include high tolerability, decreased emotional distress of children, 
and ease of administration without need for parenteral access. Of the 18 pediatric patients who received 
IN dexmedetomidine for procedural sedation, 10 patients had successful procedural sedation solely with 
IN dexmedetomidine use. The success rate with IN dexmedetomidine was 63% for non-painful procedures 
(magnetic resonance imaging [MRI], computed tomography [CT]) and 57% for painful procedures (eye 
examinations, laboratory draw/intravenous [IV] placement, fracture reduction, foreign body removal). There 
were no documented adverse events with IN dexmedetomidine. Of the 18 patients, only 1 patient needed 
to return for a repeated scan and 2 patients were admitted owing to sedation needs. The use of IN dex-
medetomidine in the pediatric emergency department provides a safe and less invasive option for seda-
tion than commonly used sedatives. This leads to a reduced need for admissions dedicated to obtaining 
procedural sedation.

ABBREVIATIONS CT, computed tomography; ED, emergency department; IN, intranasal; IV, intravenous;  
MRI, magnetic resonance imaging 

KEYWORDS dexmedetomidine; intranasal sedation; pediatric emergency medicine; pediatric sedation; 
 procedural sedation
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Introduction
In the landscape of pediatric emergency care, the 

pursuit of safe and efficacious sedation strategies is 
paramount.1 The use of sedatives in this context not 
only is aimed at alleviating distress and discomfort 

but also is essential for accurate diagnosis and timely 
treatment, with the ultimate goal of ensuring procedural 
success. Among the array of sedatives available, dex-
medetomidine has emerged as a promising candidate 
owing to its unique pharmacologic profile and route of 
administration. Dexmedetomidine works centrally as 
an alpha-2 agonist, inducing sedation by suppressing 
the release of excitatory neurotransmitters.2,3 It has also 
been suggested that dexmedetomidine has analgesic 
properties, but it is unclear in current literature how 
applicable this is to patients in the emergency depart-
ment (ED) setting.4 Much of the literature surrounding 
its use has been in the intensive care setting as an 
agent for sedation in patients who are intubated, or as 
an adjunctive agent in combination with other drugs 
such as midazolam, ketamine, or fentanyl for sedation. 
As it is investigated further, its utility as a single agent 
in procedural sedation has been demonstrated.2,4,5 
Intranasal (IN) administration of dexmedetomidine 

Information Box
What specific question(s) does this report 

 address?
We aim to evaluate what dose of dexmedetomi-

dine intranasally is most effective for sedation in 
the pediatric ED.

What does this report add to our current 
 knowledge?

This report shows that doses closer to 3 mcg/kg 
most effectively induce adequate sedation for non-
painful procedures in the pediatric ED.

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-06-14 via free access



Intranasal Dexmedetomidine in Pediatric PatientsGregory, H et al

 J Pediatr Pharmacol Ther 2025 Vol. 30 No. 3 377www.jppt.org 

presents as an attractive option for a few reasons 
including ease of administration, few adverse effects 
(e.g., hypotension and bradycardia), and avoidance of 
invasive procedures such as intravenous (IV) access in 
patients who do not require IV access for longer-term 
treatments (e.g., sepsis, long-term antibiotics).2,5–9 By 
identifying optimal dosing regimens, and elucidating 
safety considerations, this case series seeks to enhance 
procedural sedation protocols, and improve the quality 
of care and outcomes in the pediatric ED.10

Methods
In September 2023 the pediatric ED at 1 academic 

medical center began stocking dexmedetomidine in 
the automated dispensing cabinets for IN administra-
tion for patients who require procedural sedation. The 
pediatric ED team was educated on this new option 
for procedural sedation including dosing, adminis-
tration, and patient-specific considerations to guide 
selection of optimal sedative agents. We describe 
here a case series of the first 18 pediatric patients 
during a 4-month period who received IN dexme-
detomidine in this pediatric ED. Retrospective chart 
review was undertaken to collect data including age 
of patient, body weight, past medical history, dose of 
IN dexmedetomidine, procedure requiring sedation, 
timing of drug administration to procedure start and 
finish, success rate of single-dose IN dexmedetomi-
dine, adverse events, and admission rates required 
to complete the procedure.

Results
Of the 18 pediatric patients who received IN dexme-

detomidine for procedural sedation, 10 patients had 
successful procedural sedation solely with IN dexme-
detomidine use. The success rate with IN dexmedeto-
midine was 63% for non-painful procedures (magnetic 
resonance imaging [MRI], computed tomography [CT]) 
and 57% for painful procedures (eye examinations, 
laboratory draw/IV placement, fracture reduction, for-
eign body removal). The average dosage used for all 
patients was 2.4 mcg/kg (1–3 mcg/kg), the average dos-
age for successful completion of procedures solely with 
IN dexmedetomidine was 2.6 mcg/kg (1–3 mcg/kg), and 
the average dosage of failed completion with solely IN 
dexmedetomidine was 2.25 mcg/kg. The average age 
of successful completion using IN dexmedetomidine 
was 3.74 years, whereas the average age of failed at-
tempt using IN dexmedetomidine was 6.1 years. There 
were no documented adverse events for any patients 
who received IN dexmedetomidine. Of the 18 patients, 
only 1 patient needed to return for a repeated scan and 
2 patients were admitted owing to additional sedation 
requirements.

Patient A. Patient A is a 5-year-old female weighing 
16.7 kg with a history of heart failure and renal transplant 
who required an MRI of the brain for stroke evaluation. 

She received dexmedetomidine IN 1 mcg/kg, then the 
MRI was delayed and did not start until 110 minutes after 
the dexmedetomidine was administered. The imaging 
was not able to be obtained and the patient was admit-
ted for further sedation and imaging.

Patient B. Patient B is an 11-year-old male weigh-
ing 83.1 kg with a history of autism and asthma who 
received dexmedetomidine IN 3 mcg/kg for an MRI 
of his spine. The IN dose was given 38 minutes prior 
to the beginning of the MRI scan. The patient was un-
able to remain still for the entirety of the procedure, 
and adequate imaging was not obtained in the ED. 
The patient returned to an outpatient appointment for 
further sedation and imaging.

Patient C. Patient C is a 2-year-old male weighing 
11.5 kg who required sedation for a CT scan of the 
head to assess for head injury after a fall. He received 
dexmedetomidine IN 1.5 mcg/kg, then 40 minutes later 
the CT scan began. Adequate imaging was obtained, 
and the patient was discharged from the ED without 
additional need for medications.

Patient D. Patient D is a 14-month-old male weighing 
11.2 kg who received dexmedetomidine IN 3 mcg/kg 
for a CT scan of the head owing to concerns for head 
swelling following a fall. The scan began 22 minutes 
after the IN dose was given. The patient was unable 
to remain still for the scan, so was also given mid-
azolam IN 0.5 mg/kg 1 hour later to attempt the scan 
again. Again, the patient was unable to remain still, so 
2 hours following the midazolam IN dose he received 
midazolam 0.5 mg/kg orally and the modality of imag-
ing was changed to x-ray, which was successful.

Patient E. Patient E is a 3-year-old male weighing 
18.3 kg who required sedation for an MRI of the brain 
to evaluate neurologic changes. He received dexme-
detomidine IN 3 mcg/kg, and the scan began 29 min-
utes after the medication was given. The sedation was 
successful and lasted the duration of the procedure, 
leading to the patient being discharged home.

Patient F. Patient F is a 19-month-old female weighing 
10.1 kg who received dexmedetomidine IN 3 mcg/kg to 
obtain an MRI of the brain following trauma to the head. 
The scan was started 87 minutes after administration 
of the medication. The patient was unable to remain 
still, so 72 minutes after dexmedetomidine was given, 
the patient received midazolam IN 0.5 mg/kg and the 
MRI was able to be completed successfully, and the 
patient was discharged.

Patient G. Patient G is a 3-year-old male weighing 
14.3 kg who required sedation to obtain a thorough eye 
examination owing to chemical exposure to the eye. 
He received dexmedetomidine IN 3 mcg/kg and the 
examination began 4 minutes later. The examination 
was successful and showed that the eye would need ir-
rigation, so 83 minutes after the dexmedetomidine was 
given, IV access was obtained and the patient received 
ketamine IV 1.4 mg/kg for the additional  procedure, 
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which was completed successfully. The patient was 
discharged from the ED.

Patient H. Patient H is an 11-year-old female 
weighing 67.9 kg with a history of autism, intellectual 
disability, and behavior abnormalities who required 
dexmedetomidine IN 3 mcg/kg to obtain difficult IV 
access. An attempt to secure IV access was made 
52 minutes after the dexmedetomidine was admin-
istered, however it was unsuccessful. The patient 
then received midazolam IN 0.15 mg/kg (10 mg) and 
IV access was successfully obtained. The appropri-
ate workup was successful and the patient was dis-
charged from the ED.

Patient I. Patient I is an 8-year-old male weighing  
23 kg who required dexmedetomidine IN 3 mcg/kg for 
a laceration repair following an animal bite. The pro-
cedure began 35 minutes following the administration 
of dexmedetomidine and was completed successfully. 
The patient was discharged home.

Patient J. Patient J is a 4-year-old female weighing 
14.7 kg with a history of spina bifida and hydrocepha-
lus and was experiencing headaches, sleepiness, and 
nausea with vomiting. She required sedation for an 
MRI of the head. Dexmedetomidine IN 2 mcg/kg was 
administered and the scan was started 18 minutes 
later. The MRI scan lasted 18 minutes and sedation 
was adequate to complete the procedure successfully; 
however, from the findings of the imaging, the patient 
was admitted to the hospital.

Patient K. Patient K is a 2-year-old female weighing 
11.6 kg who required an MRI of the brain for intermittent 
episodes of hypothermia and ataxia she was having at 
home. She received dexmedetomidine IN 3 mcg/kg and 
the MRI began 22 minutes later. The procedure lasted 
120 minutes and was successful, and the patient was 
discharged home.

Patient L. Patient L is a 3-year-old male weighing 
17.5 kg who required sedation for an eye examination 
following trauma to the eye. He received dexmedeto-
midine IN 2.7 mcg/kg and the examination began 20 
minutes later. The examination lasted 10 minutes and 
was successful, and the patient was discharged home.

Patient M. Patient M is a 17-month-old male weighing 
10 kg who received dexmedetomidine IN 3 mcg/kg for 
an MRI to evaluate ocular abnormalities. The MRI began 
19 minutes after administration of the dexmedetomidine 
and all images were successfully obtained. The patient 
was discharged home.

Patient N. Patient N is a 5-year-old male weighing  
18 kg with a history of sickle cell disease and moyamoya 
disease that required sedation to obtain MRI, magnetic 
resonance angiography, and magnetic resonance ve-
nography to evaluate for a possible stroke. He received 
dexmedetomidine IN 2.8 mcg/kg 1 minute before the 
MRI began. The procedure took 82 minutes to complete 
and was successful. The patient was admitted to the 
hospital for monitoring owing to the severity of symp-

toms that prompted presenting to the ED. No further 
sedation was required.

Patient O. Patient O is a 12-year-old female weighing 
46.3 kg with a history of postural orthostatic tachycardia 
syndrome, chronic migraines, and anxiety who required 
sedation for an MRI of the brain and spine to evaluate 
new symptoms of leg weakness. First, she received 
midazolam IV 0.04 mg/kg; the patient was unable to 
tolerate the MRI and IV access was lost. Further seda-
tion with dexmedetomidine IN 2 mcg/kg was attempted 
and the patient was again unable to tolerate the MRI. 
She was then admitted to the hospital to complete the 
procedure under full sedation.

Patient P. Patient P is a 7-year-old male weighing 
51.7 kg who required sedation for the reduction of 
a fracture sustained after falling onto an arm. About 
30 minutes prior to receiving any sedation, he was 
given acetaminophen 15 mg/kg orally. He received 
dexmedetomidine IN 1.9 mcg/kg and 16 minutes later 
the procedure began. The patient did not tolerate the 
reduction and was given fentanyl IN 1.4 mcg/kg for 
pain management, then IV access was established 
and ketamine IV 1.5 mg/kg was given to complete the 
reduction. The patient was discharged home following 
the procedure.

Patient Q. Patient Q is a 2-year-old male weighing 
12.1 kg who required sedation for the removal of a 
foreign body from the foot. Shortly after presentation 
to the ED, he was given ibuprofen 10 mg/kg orally, 
then 90 minutes later received dexmedetomidine IN 
1 mcg/kg and an attempt to remove the foreign body 
was made 13 minutes later. This was unsuccessful. In-
travenous access was then obtained, and the patient 
was administered ketamine IV 1.5 mg/kg, which led to 
successful removal of the foreign body. The patient was 
discharged home following the procedure.

Patient R. Patient R is a 6-year-old male weighing 
56 kg with a history of autism and developmental 
delay who required sedation for the placement of 
an IV for hydration and laboratory tests for medical 
workup. He received dexmedetomidine IN 2 mcg/kg, 
then 137 minutes later IV access was attempted and 
successfully obtained. The patient was admitted 
owing to findings on laboratory tests, but no further 
sedation was required.

Discussion
Procedural sedation in the pediatric population is an 

evolving practice area. The use of IN dexmedetomidine 
outside of intensive care units has been a catalyst for 
advancing procedural sedation in pediatric patients.1,2,4 
Within the space of procedural sedation, there are 
several options to consider, and during the past several 
years many drug shortages have forced clinicians to 
use alternative agents, so having this additional option 
in our procedural sedation tool belt and knowing how 
to use it optimally is beneficial for the future of pediatric 
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emergency practice. In this case series, the use of IN 
dexmedetomidine was successful for both painful and 
non-painful procedures for completion of procedural 
sedation.

When selecting which medication or combination of 
medications to use for a procedural sedation, consider-
ing the onset and duration is vital. Dexmedetomidine IN 
has an onset of about 20 minutes but does not reach 
peak effect for up to 30 to 40 minutes from administra-
tion and can have a duration of 45 to 60 minutes. Com-
paring this with other IN and IV options, the onset of 
dexmedetomidine is not optimal for urgent procedures. 
For the patients in this case series, 6 (patients A, C, D, 
F, H, and R) had delays in the procedure of more than 
40 minutes from the time of administration of dexme-
detomidine, and 4 (patients A, D, F, and H) of those 6 
procedures required additional sedation or admission 
for full sedation to complete the procedure. Coordina-
tion of timing of administration, start of the procedure, 
and duration of the procedure are all important to con-
sider with IN dexmedetomidine use. Regarding dosing, 
various doses have been studied, ranging from 1 to  
4 mcg/kg for IN use. One study evaluated 109 patients 
ranging in age from 6 months to 18 years and found 
that doses of 3 mcg/kg of dexmedetomidine alone, or 
dexmedetomidine IN combined with midazolam IN, 
had a 92% success rate.7 Another systematic review 
evaluating dexmedetomidine use in the ED included 
3 studies addressing procedural sedation. Within that 
review, dexmedetomidine showed more rapid onset to 
adequate sedation in some studies, and less favorable 
onset in others, along with several studies with risk of 
bias, thus emphasizing the need for further studies in 
this area.4

Through review of the patients within this case series, 
a few opportunities that may lead to increased rates 
of success were identified. In this small case series, 
less success was seen in patients who required seda-
tion for painful procedures. This is likely multifactorial; 
however, of the patients whose sedation was unsuc-
cessful, none received adjunctive pain medication prior 
to the procedure. Two of the patients whose sedation 
was successful for a painful procedure received acet-
aminophen or ibuprofen 30 to 90 minutes prior to the 
procedure and had success. Pain management in the 
pediatric population is often difficult to recognize and 
manage but is influential in the success of the proce-
dure and comfort of the patient. Routine assessment 
of the patient’s pain, using pediatric-specific tools 
such as Wong-Baker FACES or Faces Legs Activity Cry 
Consolability Scale in younger children and Numerical 
Rating Scale in older children, can aid in determining 
the need for additional adjunctive therapies to improve 
success rates in these patients.11,12

Another factor identified, which may have influenced 
the success of procedures, lies within the consider-
ations for IN medication administration. One consider-

ation is that the nasal atomizer has a dead space of up 
to 0.1 mL, meaning that up to 0.1 mL of the medication 
may be retained in the atomizer. To overcome this, 
nurses are instructed to draw up an additional 0.1 mL 
of the medication they are administering.13 It is also 
important to recognize the limits of IN absorption of 
medication. The largest limitation is the volume of 
medication required; both large volumes and very small 
volumes can lead to impaired absorption of the optimal 
dose. The maximum volume that should be used is  
1 mL per nostril in larger children, and 0.5 mL per nostril 
in infants and smaller children. Because of this limita-
tion, when using dexmedetomidine it is beneficial to 
use the most concentrated product available, which 
for dexmedetomidine is a 100-mcg/mL vial prepara-
tion. Specifically, the maximum weight limitation for an 
intranasally absorbable 3-mcg/kg dose is about 66 kg. 
In patient B in our case series, the dose administered 
equated to a total volume of 2.5 mL and the sedation 
was not successful. While there were other factors that 
may have contributed, the large volume required for 
the desired dose was likely contributory. On the other 
side, small volumes of medication may be less reliable 
because the nasal atomizer can retain approximately 
0.1 mL of the drug being administered. Patients A, C, 
and Q received doses that were less than 0.2 mL, and 
one required administration of ketamine to complete 
the procedure successfully. There may have been other 
factors contributing to this, but in cases where the 
volume is ≤0.2 mL, it is especially important to ensure 
that an additional 0.1 mL of the medication to be admin-
istered is drawn up to account for the dead space in 
the atomizer and to ensure maximal drug delivery and 
absorption. It is unknown in these 3 patients whether 
there was additional dexmedetomidine drawn up to 
account for the dead space in the atomizer.

Study Limitations
This case series favored success in a younger pa-

tient population; however, a larger cohort is required 
to definitively ascertain trends regarding ideal patient 
population for successful use of IN dexmedetomidine. 
Owing to the retrospective nature and small number 
of patients included in this descriptive case series, 
there are potential limitations with documentation and 
extraction of information collected. Data analysis was 
limited to information available in the electronic medical 
record, and adverse events potentially may have been 
underreported.

Conclusion
This case series illuminates the use of IN dexme-

detomidine in a pediatric ED to provide a safe and 
less invasive option for sedation. Through this limited 
case series, the use of IN dexmedetomidine led to a 
reduced need for admissions dedicated to obtaining 
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procedural sedation, thus alleviating both financial and 
resource burdens of the health care system. Intranasal 
dexmedetomidine provides a safe, less invasive, and 
tolerable option for pediatric procedural sedation in the 
ED. Future research is warranted to further evaluate 
optimal dosing, safety, and cost effectiveness.
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CLINICAL VIGNETTE

Eslicarbazepine Overdosing in a Teenager: Case 
Description and Management
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and Paraskevi Panagopoulou, MD, MPH, PhD

Eslicarbazepine acetate has been recently licensed as an anti-epileptic medication to be used in adoles-
cents. Data regarding dosing and overdosing are still limited in the literature. We describe a rare case of 
intentional eslicarbazepine overdosing in a previously healthy teenager who presented with neurological 
toxicity. Management of hyperhydration with diuretics, haloperidol, and midazolam proved to be helpful 
both in inducing rapid clearance through the kidneys and in managing symptoms of agitation, respectively.
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Introduction
Eslicarbazepine acetate is a new anti-epileptic medi-

cation that has been recently licensed for the treatment 
of focal seizures.1 The drug has been approved by the 
United States Food and Drug Administration for use in 
individuals 4 years and older since 2017.2 An oral dose 
of 800 mg/day has been proven to be safe, effective, 
and well-tolerated in adults.3 It can also be used as 
adjunctive therapy in adults, adolescents, and children 
aged older than 6 years with partial-onset seizures with 
or without secondary generalization.4 Data on overdos-
ing are limited and mainly concern seizures, status 
epilepticus, and cardiac toxicity (arrhythmia).4 We report 
a 14-year-old female with intentional eslicarbazepine 
overdose and describe the clinical presentation and 
management.

Case Report
A 14-year-old adolescent female with a mental 

health history was brought to a primary health center 
by her foster parents, who found her unresponsive in 
her room. Her weight was 70 kg, and she had been 

prescribed eslicarbazepine for depression (off-label 
use) 3 months earlier. Thirteen tablets were missing 
from the box, so it was assumed that she had ingested 
10.400 mg of eslicarbazepine 2 to 3 hours earlier. Of 
note, the patient had recorded the suicide attempt and 
had uploaded a video in a widely used video-sharing 
application. Hence, the exact time of ingestion became 
known to us a few hours later.

The National Poison Center advised gastric lavage, 
activated charcoal (1g/kg) administration via nasogastric 
tube, and transfer to a tertiary center. Upon arrival to 
our emergency department (6 hours postingestion), 
her Glasgow Coma Scale score was 7 of 15, her pupils 
were dilated, sluggishly responsive to light, and she 
was only responding to painful stimuli. She had a patent 
airway (SpO2 = 97%), stable heart rate (98–120 bpm), 
and slightly elevated blood pressure (145/70 mm Hg). 
She was administered 1 mg of flumazenil, 1.2 mg of nal-
oxone, and 100 μg of clonidine, with no effect. Cardiac 
monitoring revealed a sinus rhythm with a normal QTc 
interval (400 msec). She was admitted to the general 
pediatric ward of the hospital. Two hours later (8 hours 
postingestion), she remained in deep lethargy with sta-
ble vital signs but started having episodes of agitation 
with abnormal nonepileptic movements of the upper 
and lower extremities. She remained in a state of re-
duced consciousness, fluctuating between stupor and 
extreme agitation and irritability, with incomprehensible 
speech and muscle spasms or movements resembling 
focal seizures and myoclonus for more than 12 hours. 
To control the episodes of irritability, she was restrained 
on her bed and was given intravenous (IV) haloperidol 
(2.5 mg, twice), IV propofol (6 mg, once), and buccal 

Information Box
What specific questions does this report address?
This case report addresses the question of 

 eslicarbazepine acetate overdosing.
What does this report add to our current 

 knowledge?
This case report adds knowledge to the clinical 

presentation and management of eslicarbazepine 
overdosing in adolescents.
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midazolam (10 mg, once). She was also given IV fluids 
and furosemide (20 mg) to maximize urine output, aided 
by an infusion of mannitol (50 m/l/20 min). Because 
of the persistent neurological symptoms, a computed 
tomography scan of the brain was performed, which 
showed no evidence of focal lesions, hemorrhage, or 
edema. The patient remained hemodynamically stable 
and gradually regained consciousness approximately 
21 hours postingestion, remaining fully orientated and 
in good medical condition. Blood and urine toxicologic 
analysis detected an elevated concentration of the 
active metabolite eslicarbazepine, confirming overdos-
ing (blood: 51 mcg/mL, urine: 141 mcg/mL) when the 
therapeutic range in urine is 5 to 35 mcg/mL. Moreover, 
cannabinoids were also isolated in the urine sample, 
indicating probable ingestion of additional drugs. She 
was referred for a mental health evaluation.

Discussion
Eslicarbazepine acetate is given orally and is me-

tabolized via hydrolytic first-pass metabolism to its ac-
tive metabolite eslicarbazepine, which directly blocks 
voltage-gated sodium channels with no involvement 
of cytochrome P450.2,4,5 Its pharmacokinetic and phar-
macodynamic properties have been studied in adults, 
and it was shown to have a half-life of 9 to 20 hours, 
reaching peak serum concentrations at approximately 
4 hours postingestion. Subsequently, it is excreted 
through the kidneys.6

Data regarding the toxicity of eslicarbazepine acetate 
in children and adolescents are extremely limited. Con-
sequently, the National Poison Center had very little 
information on symptoms and treatment of overdosing, 
and information on the upper limit of tolerated dose 
was unavailable. In our patient, neurological toxicity 
was clinically obvious and persistent. There is only 
1 other reported case of intentional overdosing with 
this novel anti-epileptic drug. An 18-year-old female 
ingested 5600 mg of eslicarbazepine and suffered from 
clonus, seizures, and cardiac arrest. She was managed 
supportively and with hemodialysis.7 Cardiac toxicity 
with QTc prolongation and malignant arrhythmia were 
also reported, a finding that was not confirmed in our 
patient by serial electrocardiograms.

Based on the experience gained from the described 
patient, we recommend the following for the manage-
ment of eslicarbazepine overdose: clinicians should be 
aware that there is no antidote. Therefore, management 
is largely supportive. Apart from the cardiological side 
effects, overdose could cause neurological symptoms 
and especially a reduced level of consciousness, 
seizures, or agitation. The patient should be closely 
monitored until a full resolution of the altered level of 
consciousness because of possible self-harm and inju-
ry. Gastric lavage should be performed if the patient has 
a good level of consciousness and as soon as possible 
from the time of ingestion. Hemodialysis and activated 

charcoal are also suggested. In our case, hydration, 
diuretics, haloperidol, and midazolam proved helpful, 
but management should always be individualized and 
include cardiac monitoring.

In conclusion, the present case adds significant evi-
dence to the limited data regarding eslicarbazepine ac-
etate overdose, highlighting the persistent neurological 
toxicity. The use of common antidotes proved unhelpful, 
but haloperidol effectively controlled agitation. Rapid 
clearance through the renal route is recommended.
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Constipation is a common gastrointestinal (GI) dis-
order among pediatric patients, and is associated with 
an increase in health care utilization.1,2 Management of 
constipation poses challenges due to diverse physio-
logic and psychologic factors associated with childhood 
development.3,4 The European Society for Paediatric 
Gastroenterology, Hepatology and Nutrition and the 
North American Society for Pediatric Gastroenterology, 
Hepatology and Nutrition recommend polyethylene 
glycol as the preferred first-line pharmacologic therapy 
for the maintenance treatment of constipation.2

This study serves as an extension of a prospective 
clinical study from the same institution, Allison et al,5 
that evaluated the implementation of patient-specific, 
pharmacist-driven constipation action plan and found 
the implementation to be associated with decreased 
health care utilization. For this study, emphasis on 
patient-driven care was the focus, with the intention 
for patients and caregivers to actively participate in 
health care decisions. With a standardized action plan, 
caregivers and patients followed an outlined treatment 
approach to prevent constipation recurrence.

The purpose of this prospective, single-center study 
is to investigate and analyze the application of a stan-
dardized, patient-driven constipation action plan for 
patients discharged from the pediatric hospital service 
at a large academic medical center. Patients included 
in the study were 2 to 18 years of age who weighed  
≥ 10 kg, admitted to a pediatric hospitalist service for a 
primary concern of constipation, and prescribed poly-
ethylene glycol at hospital discharge.

Three standardized action plans were developed 
based on weight cohorts (10 kg to < 25 kg, 25 kg to  
< 40 kg, and ≥ 40 kg) for all enrolled patients by a study 
pharmacist (Figure 1). These action plans differed in 
polyethylene glycol starting dose, frequency, titration 
suggestions, and second-line pharmacologic therapy. 
Passing one bowel movement daily was considered 
the baseline goal for all enrolled patients and could 

be adjusted based on patient-specific factors and 
caregiver input, or by the study pharmacist. Patients 
or caregivers titrated polyethylene glycol based on the 
patient’s reported number of daily bowel movements, 
or lack thereof, and consistency of stool.

After hospital discharge, caregivers were contacted 
every other week by telephone for a total of 4 encoun-
ters by a study pharmacist to discuss the patient’s 
polyethylene glycol dose, adherence to action plan, and 
reported bowel habits. Pharmacist-specific recommen-
dations were provided only in emergency situations or 
per caregiver-specific request.

The primary outcome was to determine the effect of a 
standardized patient-driven constipation action plan on 
the rate of health care utilization for concerns of consti-
pation. Health care utilization was defined as a hospital 
admission, emergency department visit, GI specialist 
visit, caregiver-requested or scheduled acute care office 
visit, or urgent care visit. The secondary outcome for this 
study was to identify the average number of daily bowel 
movements in relation to compliance with the action plan.

Nine patients (5 female) were enrolled between 
October 2023 and April 2024. Patient age and body 
weight were a median of 6 years (range, 3–14) and  
23.7 kg (range, 17.4–69.4), respectively. Follow-up 
duration after study enrollment ranged from 50 to  
67 days. For enrolled patients, 27 health care utiliza-
tion encounters occurred in total, including admis-
sion at time of enrollment, in the year before study 
enrollment (approximately 2.25 encounters monthly). 
Patients had 5 total health care utilization encounters 
after implementation of the action plans (approximately 
2.5 encounters monthly). The median number of daily 
bowel movements before and after implementation of 
the action plans increased from 0.43 (range, 0.14–2) to 
1 (range, 1–2). Stool consistency reported throughout 
the study follow-up period is illustrated in Figure 2. The 
final reported median daily weight-based polyethylene 
glycol dose was 0.5 g/kg/day (range, 0.16–1.08).
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All patients required an intervention during the fol-
low–up period, with a median of 3 dose adjustments 
per patient (range, 1–10). Thirty-six dose adjustments 
were required throughout the entire follow-up period, 
of which, thirteen were driven solely by the action plan 
and seventeen were implemented by the caregivers 
without pharmacist consultation based on action plan 
recommendations.

Our study found that health care utilization was 
not lower after the implementation of a standardized, 
patient-driven constipation action during the post-
implementation follow-up period, despite improvement 
in the median number of daily bowel movements and 

stool consistency. The health care utilization post-
implementation data are suggested to be skewed due 
to the short duration of follow-up, with approximately 2 
available months of post-implementation data to com-
pare to 1 year of baseline data. In addition, the study 
enrollment timeline was also significantly impacted due 
to hospital admission trends of the 2023–2024 respira-
tory syncytial virus season.

Future research should evaluate adjusted designa-
tions for the standardized constipation action plans and 
their need for health care utilization and post-discharge 
stool frequency and consistency achievement.
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Figure 1. Standardized patient-driven constipation action plan example (25 kg to < 40 kg).

Diarrhea OR
≥ 3 bowel movements per day 

Polyethylene glycol
½ capful daily 

If continuing to have
diarrhea or > 3 bowel
movements per day:

Decrease dose to
½ capful every other day   

GOAL: One (1) bowel
movement every day 

Polyethylene glycol
1 capful daily   

Step 1

No bowel movement
after 3 days 

Polyethylene glycol
1 capful twice daily

Step 2
Continue for 2 days then 
return to Step 1 if bowel 

movement occurs

No bowel movement
after 5 days 

Polyethylene glycol
2 capfuls twice

daily plus 2.5 mL
pediatric senna

liquid

Step 3
Continue for 2 days then
return to Step 2 if bowel

movement occurs 

No bowel movement after 7 days:
Contact primary care physician  

Figure 2. Reported stool consistency from pharma-
cist telephone encounters.
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Pediatric Antibiotic Stewardship Programs: The Path 
Forward
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Antibiotic overuse has been well-documented in all populations, including pediatrics. Pediatric pharma-
cists are valuable and well-integrated within inpatient antibiotic stewardship programs (ASP) in children’s 
hospitals. The Pediatric Pharmacy Association (PPA) believes all pharmacists, regardless of practice setting, 
should receive education to support entry-level stewardship activities in pediatric patients. Additionally, 
pediatric antibiotic stewardship pharmacist leaders should ideally be trained in both infectious diseases (ID) 
and pediatrics. Currently, specialized training in pediatric ID lacks standardization due to the paucity of sub-
specialized training opportunities. This paper provides recommendations to support pediatric ASP training, 
education, and pharmacist staffing for inpatient programs. Further, it is recommended to ensure protected 
time is available for daily and longitudinal pediatric ASP activities to support optimal care and prevent burn-
out. Finally, the PPA supports the evolving role of the pediatric pharmacist in the ambulatory ASP arena and 
recommends investigations into unique payment modalities.
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Introduction
Approximately 20% of ambulatory and 60% of inpa-

tient pediatric visits result in an antibiotic prescription.1,2 
Antibiotic use is not without risks, as antibiotic adverse 
drug events are the most common medication-related 
cause (46%) of emergency department visits for chil-
dren.3 Additionally, increased use of unnecessary and/
or broader-than-needed antibiotics has led to increases 
in resistant bacterial infections among children.4 These 
resistant bacteria cause about 2.8 million illnesses and 
35,000 deaths annually in the United States across all 
ages.5 Unfortunately, a limited number of new antibiot-
ics are in development. Newer antibiotics often have 
limited safety and efficacy data in pediatric patients. 
Thus, very limited agents are available to combat multi-
drug-resistant bacteria, and drug shortages of available 
antibiotics continue to plague clinical practice.6

Antibiotic stewardship programs (ASP) combat 
antibiotic-related problems by optimizing antibiotic 
use and minimizing unintended consequences. Efforts 
and priorities of ASPs vary among different institu-
tions; however, the overall aim is to improve infectious 
disease (ID) outcomes by limiting antibiotics to only 

when clinically indicated and employing the narrow-
est effective and safest agent for the shortest dura-
tion appropriate. Most hospitals, including children’s 
hospitals, have implemented ASPs that meet all 7 of 
the Centers for Disease and Control and Prevention’s 
(CDC) Core Elements.7 Advancement in ambulatory 
ASPs has unfortunately not kept pace with inpatient 
ASPs, despite the availability of CDC Core Elements 
for Outpatient Stewardship. Much of this is due to a 
lack of financial support. A recent survey of children’s 
hospitals reported that only 11% have financial support 
for pediatric ambulatory ASP activities.8

Pediatric-focused ASPs in both inpatient and 
ambulatory settings are best to serve this popula-
tion. Pediatric ontogeny of drug disposition, ID, and 
pathogen-resistance patterns often differ from adults; 
thus, it is essential that postdoctoral trainees, such as 
those in pharmacy and/or medicine, receive training to 
successfully direct and manage pediatric-specific ASPs. 
Organizations suggest that pharmacist leaders of ASPs 
should have sufficient education, training, or expertise 
in ID and antibiotic stewardship.9 While The Joint Com-
mission (TJC) does not require age-specific pharmacist 
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education for those who manage pediatric patients 
as part of their ASP duties, the American Academy of 
Pediatrics recommends at least 1 ASP team member 
with pediatric expertise.9,10 To successfully manage 
pediatric ASPs, pharmacists must be knowledgeable 
of unique pediatric considerations (eg, ontogeny, drug 
dosing, adverse effects), pediatric ID knowledge (eg, 
exposures, pathogens, disease states), and general ID 
principles (eg, antibiotic coverage, common diseases, 
antibiotic resistance). The most direct route to acquir-
ing this knowledge is through ID-specific pharmacist 
postgraduate residency training conducted within a 
pediatric hospital. Unfortunately, very few of these 
pharmacy residencies exist. In a 2020 survey, only 
14% of pediatric antibiotic stewardship/ID pharmacists 
with specialized postgraduate year 2 (PGY2) training 
had completed their ID PGY2 in a children’s hospital. 
Most (54%) completed a pediatric residency, while 32% 
completed an ID program.11 The Pediatric Pharmacy As-
sociation (PPA) believes that pharmacists trained and 
specialized in pediatric antibiotic stewardship/ID are 
necessary to implement pediatric antibiotic stewardship 
efforts in both inpatient and ambulatory ASPs and to 
ensure a high level of care for pediatric patients.

In 2017, the PPA formulated a position statement with 
implementation and sustainability recommendations 
regarding pediatric ASPs.12 As practice has evolved, the 
PPA has re-evaluated heightened challenges, resulting 
in new recommendations (Box 1). In addition to educa-
tion and training needs for pharmacists (eg, student 
pharmacists, generalist pharmacists, and pediatric an-
tibiotic stewardship/ID specialty pharmacists), pediatric 
ambulatory ASP practices should be supported and 
expanded. To attain these goals and ensure continued 
success in inpatient pediatric ASP practices, pharma-
cists should have time reserved to conduct pediatric 
ASP practice, share clinical research or quality improve-
ment initiatives, and limit the ever-present burnout that 
plagues the stewardship community.

Pharmacist Training
Student Pharmacists and Generalist Pharma-

cists. Incorporate Education to Support Entry-Level 
Pediatric ASP Efforts Into Pharmacy School Curricu-
lums. The Pediatrics Practice and Research Network 
of the American College of Clinical Pharmacy and the 
American Association of Colleges of Pharmacy pub-
lished a PPA-endorsed opinion paper in 2020 recom-
mending all pharmacy schools offer a minimum of 25 
contact hours of pediatric education.13 Unfortunately, 
incorporating this level of pediatric pharmacy educa-
tion is not the reality at many schools, and training 
specific to subpopulations such as pediatrics and spe-
cific ID considerations (eg, unique pathogens, optimal 
choice, dose, and duration of antimicrobials in this 
population) are often limited. In 2013, a survey esti-
mated that 94% of pharmacy schools had only a me-

dian of 16 hours of pediatric didactic education with 
61% of schools providing additional education through 
a pediatric elective.14,15 In addition to sparce pediatric 
curricula, ID education is limited. Jeffres et al16 report-
ed that, across 106 pharmacy schools in the US, phar-
macy students receive approximately 20 hours of ID 
fundamentals and 40 hours for infectious conditions/
diseases. In the absence of additional postgraduation 
training, many pharmacists graduate with little to no 
formal training in pediatric antibiotic stewardship/ID-
related pharmacotherapy.17

Whether practicing in inpatient or ambulatory set-
tings, even nonpediatric focused, pharmacists are 
likely to encounter pediatric patients.15,16 As such, the 
PPA believes all graduating pharmacists should be 
educated to support entry-level antibiotic steward-
ship activities and management, including pediatrics, 
regardless of practice site. This recommendation is in 

Box 1. PPA Recommendations for Pediatric Antibiotic 
Stewardship

Summary of Recommendations

1.  Incorporate education to support entry-level pediatric 
ASP efforts into pharmacy school curriculums.

2.  Create high quality pediatric ID/ASP continuing 
education programs. Enhance collaboration 
efforts between pediatric and infectious diseases 
professional organizations.

3.  Expand postdoctoral training programs for pharmacists 
in pediatric IDs.

4.  Include antibiotic stewardship as an element of 
training in pediatric pharmacy residencies and include 
pediatrics as an element of training in ID pharmacy 
residencies.

5.  Ensure pediatric stewardship services are provided 
for every pediatric patient, including those who are 
admitted to an adult acute care hospital, via in-house 
or remote consultation with pediatric antibiotic 
stewardship/ID pharmacist.

6.  Recommend inclusion of pediatric ASP consult 
services for institutions with limited pediatric patients 
and no in-house pediatric ASP.

7.  Support appropriate funding and allocation of 
resources for inpatient pediatric antibiotic stewardship 
pharmacists.

8.  Investigate pediatric pay for performance or other 
payment methods to allow for sufficient pharmacist 
time and resources for expansion of ambulatory 
antibiotic stewardship services for pediatric patients.

9.  Invest adequate time and resources for pediatric 
pharmacists to participate in antibiotic stewardship 
scholarly projects including presentation of research 
and quality improvement initiatives at local, state, or 
national conferences and publication of results.

10.  Protect antibiotic stewardship pharmacists from 
burnout through management of workload and 
expectations.

ASP, antibiotic stewardship program; ID, infectious disease
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addition to the topics already recommended by the 
2020 Joint Statement on Pediatric Pharmacy Curricula 
(Table 1).15,18,19

Create High-Quality Pediatric ID/ASP Continu-
ing Education Programs. Enhance Collaboration 
Efforts Between Pediatric and Infectious Diseases 
 Professional Organizations.  Education programs, 
some with continuing education (CE) credits, are avail-
able for those seeking additional education in either 
pediatrics or antibiotic stewardship/ID. High-quality 
education offerings are limited for those seeking 
combined pediatric antibiotic stewardship content. 
The PPA’s growing library of educational programs 
targeting achievement of the PPA-endorsed mini-
mum core competencies for all pharmacists involved 
in the care of hospitalized pediatric patients is a start-
ing point for expanding CE related to pediatric antibi-

otic stewardship/ID.20 In addition to general pediatric 
topics, these core competencies comprise pediatric 
ID education, including pediatric sepsis, urinary tract 
infections, septic arthritis, osteomyelitis, vaccines, 
pneumonia and tracheitis, croup, and bronchiolitis.20 
For higher-level CE, the PPA would like to explore 
future formal collaborations with ID organizations to 
provide more focused educational programs, includ-
ing both entry-level and advanced pediatric antibiotic 
stewardship content. Furthermore, the PPA seeks to 
provide educational resources to pharmacists in vari-
ous practice settings, including community and other 
ambulatory arenas. The PPA would also like to foster 
collaborations with other pharmacy organizations to 
explore the development of additional pediatric anti-
biotic stewardship pharmacist educational opportuni-
ties and resources.

Table 1.  Published Educational Coverage Recommendations for Student Pharmacists and Pharmacy  
Post-Graduate Year-2 (PGY2) Residents, With a Focus on Pediatric Infectious Diseases Topics

Doctor of Pharmacy Curricula15  PGY2 Pediatric Pharmacy 
Residency19

 PGY2 Infectious Diseases  
Pharmacy Residency18

Pediatric Topics, Applicable to 
Infectious Diseases 
Anatomic and physiologic 
differences in pediatric patients 
Pediatric-related calculations, 
including pediatric 
pharmacokinetics, drug dosing, 
renal dosing, maintenance fluids 
Pediatric dosage forms 
Fever 
Pharmacodynamic principles 
Infectious Diseases Topics 
Ear infections (eg, otitis media, 
otitis externa) 
Endocarditis 
Influenza 
Immunization 
Meningitis (eg, aseptic, bacterial) 
Neonatal sepsis 
Pinworm, lice, scabies 
Pneumonia 
SSTIs and osteoarticular 
infections (eg, cellulitis, 
osteomyelitis, septic arthritis) 
STIs 
Surgical prophylaxis 
UTIs 
URTI (eg, bronchiolitis, croup, 
pharyngitis)

Infectious Diseases Topics 
AIDS/HIV* 
Antibiotic prophylaxis (eg, 
endocarditis, surgery) 
Antibiotic stewardship 
Catheter-related blood stream 
infection/sepsis* 
Clostridioides difficile 
Conjunctivitis* 
CNS infections (ie, viral 
encephalitis*, meningitis) 
Croup* 
Endocarditis* 
Epiglottitis* 
Fever 
Fungal infections 
Osteomyelitis/septic arthritis* 
Otitis media* & otitis externa 
Parasitic infections 
Pneumonia 
Sepsis 
SSTIs* and osteoarticular 
infections (ie, cellulitis*, impetigo*, 
osteomyelitis*, septic arthritis*) 
STIs* 
Shunt infections* 
Strep throat* 
Tuberculosis* 
UTIs

Infectious Diseases Topics 
Cardiovascular Infections (eg, 
endocarditis) 
Central nervous system infections (eg, 
meningitis, encephalitis) 
Fever of unknown origin* 
Fungal infections 
Gastrointestinal infections 
Hepatitis B* 
Hepatitis C* 
HIV-infection and AIDS* 
Intra-abdominal infections 
Neutropenic fever 
Non-tubercular mycobacterial infections 
Ophthalmologic infections* 
Opportunistic infections in 
immunocompromised hosts 
Otitis media & otitis externa 
Parasitic infections* 
Reproductive organ infections* 
Respiratory infections: upper and lower 
(eg, pneumonia, RSV bronchiolitis) 
Rickettsial infections* 
Sepsis 
STIs* 
SSTIs* and osteoarticular infections*  
(eg, cellulitis, osteomyelitis, septic arthritis) 
Tuberculosis* 
Travel medicine* 
Urologic infections 
Viral infections

Data in table are adapted and modified in part from references 15, 18, and 19.
AIDS, Acquired immunodeficiency syndrome; CNS, central nervous system; HIV, Human immunodeficiency virus; PK, pharmacokinetic; PD, 
pharmacodynamic; STI, sexually transmitted infection; SSTIs, skin and soft tissue infections; URTI, upper respiratory tract infection; UTI, urinary 
tract infection

*  May be met through didactic discussion, reading assignments, case presentations, and/or written assignments; other entries must be met 
through patient experience.
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Pediatric Infectious Diseases and Antibiotic Stew-
ardship Pharmacists. Expand Postdoctoral Training 
Programs for Pharmacists in Pediatric Infectious 
Diseases.  To provide comprehensive training, the 
PPA supports expanding postdoctoral training pro-
grams for pharmacists in pediatric ID. Per the CDC 
and TJC, ASPs should be led by a specialty-trained 
pharmacist or co-led by an ID-trained physician and 
pharmacist.9,21 The PPA believes that pediatric ASPs 
should have a pharmacist leader as director/co-direc-
tor who is competent in both ID and pediatrics. Cur-
rently, most pharmacists leading pediatric ASPs have 
trained in pediatrics or ID.11,22 Training for pharmacists 
seeking to specialize in pediatric antibiotic stew-
ardship/ID lacks standardization primarily because 
of the paucity of subspecialized training opportuni-
ties.23,24 The number of American Society of Health-
System Pharmacists (ASHP) PGY2 residency training 
programs in pediatrics (N = 83) or ID (N = 144 includ-
ing 4 of these pediatric ID focused within children’s 
hospitals) are much more readily available compared 
with the sparce PGY2 ID un-accredited residency 
programs or fellowships available at children’s hos-
pitals.24

Include Antibiotic Stewardship as an Element of 
Training in Pediatric Pharmacy Residencies and 
Include Pediatrics as an Element of Training in In-
fectious Diseases Pharmacy Residencies. Per ASHP 
pharmacy residency requirements, those completing 
PGY2 pediatric pharmacy residency programs will re-
ceive at least some pediatric antibiotic stewardship/ID 
training. Alternatively, exposure to pediatric pharma-
cotherapy is not guaranteed from completing a PGY2 
ID pharmacy residency program, and currently, only 
approximately 45% of PGY2 ID pharmacy residency 
programs mention pediatrics in description materi-
als.24 In a 2019 survey, 101 PGY2 ID pharmacy resi-
dency programs reported fewer than 30% requiring 
a pediatric antibiotic stewardship/ID experience, and 
approximately 30% did not offer pediatric antibiotic 
stewardship/ID experiences.25 In the absence of pe-
diatric ID-dedicated residencies and fellowships, the 
PPA supports the following minimum training require-
ments for pediatric antibiotic stewardship/ID pharma-
cists: (1) the completion of a pediatric residency AND 
additional antibiotic stewardship/ID-focused educa-
tion, or (2) the completion of an ID residency AND ad-
ditional pediatric focused education (Table 2). Given 
the rarity of pediatric-focused antibiotic stewardship/
ID pharmacy post-graduate training to bridge the 
gap until more training programs are available, the 
PPA recommends including comprehensive antibiotic 
stewardship/ID training within the established core 
areas of PGY1 pharmacy residencies, PGY2 pediat-
ric pharmacy residencies, and pediatric experiences 
incorporated into PGY2 ID pharmacy residencies. 
The current required and elective core areas/patient 

care experiences for these residencies are extensive 
(Table 1) and may already be challenging to achieve 
within the course of a single specialized residency 
year.18,19 Although comprehensive training in antibi-
otic stewardship/ID during pediatrics residency and 
pediatrics during ID residency is optimal, excessive 
additional required experiences risk diminishing over-
all quality, increase residency-related stress, and re-
duce the feasibility of goal achievement. To minimize 
requirements, pediatric antibiotic stewardship should 
be discussed in PGY1 programs, pediatric PGY2 pro-
grams should designate antibiotic stewardship/ID as a 
required rotation (standard month-long block or longi-
tudinal), and PGY2 antibiotic stewardship/ID adult pro-
grams should incorporate required pediatric-specific 
experiences to ensure sufficient education is attained 
(Table 2). For residency programs without pediatric 
antibiotic stewardship/ID-specific resources, we en-
courage collaboration between other health systems 
or residency programs (Table 2).

For pharmacists who received primary training in 
adult antibiotic stewardship/ID and have limited pediat-
ric experience, the PPA recommends seeking additional 
training or mentorship in pediatrics. Similarly, pharma-
cists with specialty training in pediatrics and limited 
antibiotic stewardship/ID experience should find addi-
tional training or mentorship in antibiotic stewardship/
ID. Table 3 provides examples of additional training and 
resources that are available. These include certificate 
programs, live didactic sessions, professional confer-
ences, specialty board certification, and/or self-study 
modules. Antibiotic stewardship certification programs 
offered by various large organizations include the 
Society of Infectious Diseases Pharmacists, the CDC, 
and the Making A Difference in Infectious Diseases 
(See Table 3). Another excellent resource for increas-
ing pediatric antibiotic stewardship/ID proficiency for 
pediatric- or ID-trained pharmacists is the Sharing An-
timicrobial Reports for Pediatric Stewardship (SHARPS) 
Collaborative.

Antibiotic Stewardship Services. Ensure Pediatric 
Stewardship Services are Provided for Every Pedi-
atric Patient, Including Those Who Are Admitted to 
an Adult Acute Care Hospital, Via In-House or Re-
mote Consultation With Pediatric Antibiotic Stew-
ardship/ID Pharmacist. Available literature has dem-
onstrated a clear benefit of inpatient ASP services to 
children.26–28 Prospective audits with feedback with or 
without preauthorizations are foundational activities 
of inpatient ASPs and are considered “priority” inter-
ventions by the CDC’s Core Elements.21 Core Element 
interventions should be prioritized for all patients ad-
mitted to an acute care setting, including pediatrics, 
regardless of the primary population served at the in-
stitution (ie, freestanding vs combined pediatric/adult 
hospital). The methodology of implementing these 
foundational stewardship practices will be dependent 
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Table 2. Pediatric Pharmacy Association Recommended Pediatric and/or Infectious Diseases Topics 
 Recommended to be Added for those Completing Post-Graduate Year-2 (PGY2) Pharmacy Residencies

 PGY2 Pediatric  PGY2 Infectious Diseases

Infectious Diseases Topics
•  Antibiotic resistance
•  Antimicrobial susceptibility testing
•  Antibiotic stewardship metrics
•  Diagnostic stewardship
•  Pediatric immunizations

Pediatric Topics
•  Introduction to pediatric pharmacokinetic/pharmacodynamics across the 

pediatric age continuum
•  Medication dosing in special populations
•  Medication formulation considerations and challenges
•  Medication adverse drug reactions/side effects/contraindications and 

precautions in special populations
Infectious Diseases Topics
•  Bone and joint infections* to include acute hematogenous osteomyelitis
•  Intraabdominal infections to include NEC
•  Pediatric immunizations
•  Respiratory infections: upper and lower* to include community acquired 

pneumonia, croup, acute otitis media, periorbital and orbital cellulitis, 
retropharyngeal abscesses, respiratory syncytial virus bronchiolitis, sinusitis, 
and complications (eg, intracranial extension)

•  STIs, including chlamydial ophthalmia and chlamydial pneumonia, congenital 
syphilis, gonococcal ophthalmia, and perinatal HIV treatment

•  Sepsis including neonatal sepsis (early/late onset)
•  Neonatal HSV

HSV, herpes simplex virus; NEC, necrotizing enterocolitis; STI, sexual transmitted infection

*  Although these topics (eg, bone and joint, respiratory) are covered in the infectious diseases’ curriculum, the bulleted sub-topics may be specific 
to pediatric patients or have pediatric specific considerations that should be discussed.

Table 3. Continuing Education Resources for Antibiotic Stewardship Pharmacists

Program Offerings Links

British Society for 
Antimicrobial Chemotherapy

Multiple online on demand 
offerings

https://bsac.org.uk/education/

CDC 13 module training program on 
antibiotic stewardship (1 module 
specific to otitis and pharyngitis)

https://www.train.org/cdctrain/training_
plan/3697

MAD-ID Antimicrobial stewardship program 
with an elective in pediatrics

https://mad-idtraining.org/certification/

PIDS Toolkit with links to various 
programs and trainings

https://pids.org/pediatric-asp-toolkit/
inpatient-settings/inpatient-cdc-core-
elements/drug-expertise-pharmacist-leader/

PPA Continuing education on-demand 
offerings: all are pediatric-specific, 
some are infectious disease-
related. Additionally, infectious 
diseases/ASP content is often part 
of the live meetings.

https://www.ppag.org/?pg=OnDemandCE

SHARPS Listserv, annual live educational 
event, and research collaborative 
specific to pediatric infectious 
diseases

https://sharps.wustl.edu/

SIDP ASP Training Certificate Program 
with pediatric elective

https://www.sidp.org/Stewardship-Certificate

ASP, antibiotic stewardship program; CDC, Centers for Disease Control and Prevention; MAD-ID, Making a Difference in Infectious Diseases; 
PIDS, Pediatric Infectious Diseases Society; PPA, Pediatric Pharmacy Association; SHARPS, Sharing Reports for Pediatric Stewardship; SIDP, 
Society of Infectious Diseases Pharmacists
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on the institution’s available resources and steward-
ship culture.

The PPA believes that every pediatric patient admit-
ted to an acute care hospital should benefit from the 
services provided by the institution’s ASP. Freestanding 
children’s hospitals should not only have an ASP that 
incorporates the CDC’s 7 Core Elements but addition-
ally should include at least 1 pharmacist with training 
in pediatric antibiotic stewardship/ID as described 
above.21 Children admitted to an adult institution with 
pediatric services should still have access to a pediatric 
antibiotic stewardship/ID pharmacy specialist, whether 
available locally or via consultation (eg, collaboration 
with a regional health system). Collaborations to devel-
op pathways/processes or assist on a personal patient 
care level can be individualized based on the institu-
tion’s needs and resources but may include telehealth 
services from pediatric health systems or contracting 
with local experts for in-depth support.

Recommend Inclusion of Pediatric ASP Consult 
Services for Institutions With Limited Pediatric Pa-
tients and No In-House Pediatric ASP.  Institutions 

with limited pediatric expertise should create collabo-
rations or consultations with institutions or organiza-
tions that have pediatric antibiotic stewardship ex-
perts. These experts can assist in developing pediatric 
ASP initiatives and outcomes specific to the institution 
(Tables 4 and 5). For example, experts can assist in 
developing pediatric-specific clinical pathways and 
any pediatric-specific antimicrobial restrictions or pre-
authorizations. As per the TJC standards, institutions 
should use national and internationally recognized 
guidelines, and if pediatric guidance is lacking, the 
pediatric antibiotic stewardship/ID pharmacy expert 
can help direct recommendations from additional 
pediatric-focused literature and/or guidelines.9 Addi-
tionally, these individuals can provide insight into how 
local pediatric susceptibility data impacts pediatric ID 
treatment recommendations.10 Further, performance 
of inpatient ASP services provided to pediatric pa-
tients should be routinely evaluated by an ASP team 
member as part of standards outlined for all stew-
ardship programs.21 Process and outcome measures 
should be appropriate for the given population and in-

Table 4. Recommended Pediatric Antibiotic Stewardship Program Services for Institutions With Limited  
Pediatric Expertise

Service Priority Additional Guidance

Institution-specific clinical 
pathways for common 
pediatric infectious diseases

High Consultation and collaboration with pediatric ASPs are highly 
recommended. 
Consider prioritizing based on commonly encountered ID 
admissions in pediatric patients at the institution within the last 
year (eg, bronchiolitis, CAP, appendicitis).

Antimicrobial therapeutic 
drug monitoring

High Consultation and collaboration with pediatric antibiotic 
stewardship pharmacists highly recommended. 
Consider developing pediatric-specific monitoring guidelines 
and/or goals of therapy.

Restricted antimicrobials and 
preauthorization process

Medium Consultation and collaboration with pediatric antibiotic 
stewardship pharmacists is highly recommended.

Rapid diagnostic testing Medium For applicable rapid diagnostics available at an institution, 
include specific recommendations for interpretation and 
application within the pediatric population (eg, rapid Group A 
Streptococcus testing for pharyngitis, meningitis/encephalitis 
PCR panel).

Pediatric antibiogram Medium Development of a pediatric-focused antibiogram, depending 
on the number of available cultures in pediatric patients, should 
be completed when possible. Consultation with microbiology 
colleagues is highly recommended. 
Provide guidance for clinicians on appropriate use of focused 
antibiograms in settings of combined adult and pediatric patient 
populations.

Structured peer education Medium Education can be provided through daily interventions made by 
antibiotic stewards. 
Consultation and collaboration with pediatric antibiotic 
stewardship pharmacist is recommended, especially when 
considering formal education on pediatric topics.

ASP, antibiotic stewardship program; CAP, community-acquired pneumonia; ID, infectious diseases; PCR, polymerase chain reaction
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tervention with special attention to differences in the 
pediatric population (eg, The CDC’s National Health 
and Safety Network’s Standardized Antimicrobial Ad-
ministration Ratio has different categories of antibiotic 
groups for neonates, pediatrics, and adults). The PPA 
recommends that the pediatric antibiotic stewardship/
ID pharmacist has unique expertise and should be 
at least consulted to inform recommendations, path-
ways, and outcomes for pediatric patients managed 
at the hospitals.

Support Appropriate Funding and Allocation of 
Resources for Inpatient Pediatric Antibiotic Stew-
ardship Pharmacists.  Antibiotic stewardship pro-
grams require support from senior administrators. 
Support is vital not only through allocating full-time 
equivalent (FTE) funding for both pediatric antibiotic 
stewardship physician(s) and pediatric antibiotic stew-

ardship pharmacist(s) but also to foster acceptance 
of the ASP and its mission. Recent recommendations 
for ASP FTE allocation and support are provided in 
Table 6.29–31 Doernberg and colleagues30 reported a 
relationship between physician and pharmacist FTE 
and self-reported effectiveness of the ASP, which 
was attributed mostly to programs that specifically 
had pharmacist support for postantibiotic review and 
feedback. The authors conclude that an ID physician-
to-infectious diseases pharmacist ratio of 1:3 provides 
the highest value use of available resources.30

The PPA recommends hospital leaders provide 
funding for all components (eg, physician time, informa-
tion technology requirements, data analyst) of ASPs, 
including pediatric antibiotic stewardship/ID-trained 
pharmacists to lead and manage ASPs based on the 
number of neonatal and pediatric beds regardless of 

Table 5. Recommended Pediatric Antibiotic Stewardship Outcomes to be Measured for All Institutions21,33

Area of Practice Outcome Guidance

Inpatient

Indication for antibiotic Indication for use should be documented on all 
antibiotics prescribed, preferably incorporated into the 
order for pharmacist review upon verification.

Percent of common pediatric 
infections (eg, CAP, SSTI, 
UTI) with evidence-based 
treatments (i.e., antibiotic 
selection, dose, and durations)

Evidence-based recommendations should be specific to 
pediatrics. 
For example, for pediatric CAP, measure the percent 
of narrow antibiotics (eg, ampicillin, penicillin), percent 
with appropriate dosing (based on local pneumococcal 
resistance) and total duration of therapy (eg for 
uncomplicated CAP 5–7 days)

Ambulatory*

Percent of patients with viral 
illness (eg, URI, including 
bronchiolitis) not receiving 
antibiotic therapy

Viral respiratory infections should not receive antibiotic 
therapy. Families’ education that antibiotics do not treat 
viruses is also recommended.

Percent of patients where 
watchful waiting can be 
recommended (eg, AOM)

Watchful waiting is highly recommended and often 
underutilized for older children with nonsevere AOM

Percent of common pediatric 
infections (eg, AOM, ABS, 
CAP, SSTI) with evidence-
based treatments (ie, antibiotic 
selection, dose, and durations)

Evidence-based recommendations should be specific to 
pediatrics. 
For example, a major shift in recent years is the evolving 
evidence supporting shorter durations. For example, 
most mild cases of pediatric CAP and SSTI can be 
successfully treated with 5 days of therapy.

Percent of group A 
Streptococcal pharyngitis that 
is treated without testing or 
with negative results

The primary reason to treat Group A Streptococcal 
pharyngitis is to prevent acute rheumatic fever. Most 
cases of pharyngitis are caused by viruses and young 
children can be colonized. Antibiotics for treatment 
of GAS pharyngitis should be done where testing is 
appropriate, performed, and resulted positive.

AOM, acute otitis media; ABS,acute bacterial sinusitis; CAP, community-acquired pneumonia; GAS, group A streptococcus; SSTIs, skin and soft 
tissue infections; URI, upper respiratory infection; UTI, urinary tract infection

* Including Emergency Medicine Departments
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classification in a free-standing children’s or combined 
adult and children’s hospital. As provided in Table 6, the 
PPA supports US News and World Reports Best Chil-
dren’s Hospital minimum pediatric pharmacist FTE for 
stewardship of 0.4 FTE for hospitals less than 250 beds 
and 1 FTE hospital with 250 beds or more.31 The PPA 
also recommends that pediatric antibiotic stewardship 
pharmacists’ FTE support should be provided in-house 
or as a consultant at 0.1 FTE for hospitals with less than 
20 pediatric licensed beds and 0.4 FTE for institutions 
with 20 to 250 licensed pediatric beds. In rare instances 
when a primarily adult institution has more than 250 
licensed pediatric beds, the PPA recommends following 
recommendations for a similar-sized children’s hospital 
with at least 1 FTE.

Investigate Pediatric Pay for Performance or 
 Other Payment Methods to Allow for Sufficient 
Pharmacist Time and Resources for Expansion 
of Ambulatory Antibiotic Stewardship Services 
for Pediatric Patients.  The importance of antibiotic 
stewardship in the ambulatory care setting has been 
recognized and regulatory authorities, like the CDC 
and TJC, have mandated it to ensure the safe and 
effective use of antibiotics in the ambulatory set-
ting.32,33 One report suggested that more than 60% 
of antibiotic expenditures occur in outpatient pharma-
cies and clinics.34 More than 1 in 5 pediatric ambula-
tory visits results in an antibiotic being prescribed.2 
Many of these prescriptions are for broad-spectrum 
antibiotics (50%) to treat respiratory conditions where 
antibiotic therapy is often unnecessary.2 Several 
publications have outlined strategies (eg, feedback 
to prescribers, commitment posters, delayed pre-
scribing, communications training, documentation, 
diagnostic confirmation) and metrics (eg, percent of 
bronchiolitis visits with antibiotics prescribed, percent 
of all antibiotics where amoxicillin was prescribed) for 
pediatric ambulatory ASP services.35–40 Of note, many 
of the potential metrics are claims related and, as 
such, are often available for tracking.37 Because these 
metrics can be tracked via claims and there is strong 
evidence for specific quality measures (eg, percent-

age of bronchiolitis visits with antibiotic prescribed) 
and/or evidence-based guidelines for many common 
pediatric ID-related conditions (eg, bronchiolitis, otitis 
media, pharyngitis, pneumonia, skin infections), they 
lend themselves well to value-based payment and 
potential pay-for-service models.

Pediatric patients in the ambulatory setting would 
benefit from pediatric antibiotic stewardship phar-
macist services to reduce inappropriate prescribing, 
optimize antibiotic choice, and dose, and limit adverse 
drug events. Literature supports the role of pediatric 
pharmacists in cost avoidance in ambulatory settings. 
In 1 study, pediatric pharmacist interventions resulted 
in approximately $307,210 of cost avoidance over a 
4-month period; more than half of the costs avoided 
were due to the prevention or management of ad-
verse drug events, and other costs avoided included 
unnecessary medications, prevention or management 
of allergic reactions, and drug interactions.41 Several 
antibiotic stewardship approaches have successfully 
improved antibiotic use in the ambulatory setting. 
Further, the TJC requires antibiotic stewardship in its 
accredited ambulatory health care organizations.32 The 
PPA recommends dedicating resources to support pedi-
atric antibiotic stewardship pharmacists in developing, 
tracking, reporting, and sharing metrics for effective 
pediatric ambulatory antibiotic stewardship. We further 
support pilot projects investigating unique payment 
models, such as pay-for-performance, for pharmacists 
engaged in these evolving roles.

Pediatric Antibiotic Stewardship Research. Invest 
Adequate Time and Resources for Pediatric Phar-
macists to Participate in Antibiotic Stewardship 
Scholarly Projects Including Presentation of Re-
search and Quality Improvement Initiatives at Lo-
cal, State, or National Conferences and Publication 
of Results.  While publications in pediatric antibiotic 
stewardship have increased, many questions regard-
ing optimal practices remain unanswered. System-
atic evaluation of stewardship practices and dissemi-
nation of that information is key to moving the field 
forward and providing optimal patient care. Without 

Table 6. Summary of Minimum Recommended Personnel Support of (Pediatric) Inpatient Antibiotic  
Stewardship Programs29–31

Source Minimum Pharmacist Minimum Physician Minimum Data 
Analyst

USNWR, Best Children’s Hospitals31 0.4 FTE for hospitals 
<250 beds; 1 FTE 
hospitals ≥250

0.3 FTE medical 
director

0.2 FTE

CMS (average 124-bed hospital)29 0.25 FTE 0.1 FTE 0.05 FTE

Doernberg, 100–300 beds, 
necessary FTE for effectiveness30

1 FTE 0.4 FTE —

CMS, Centers for Medicare & Medicaid Services; FTE, full-time equivalent; USNWR, US News & World Report
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quality publications evaluating antibiotic stewardship 
interventions and treatment of ID, the uptake of ef-
fective practices will be delayed, and ineffective or 
unproven practices will continue.10 Areas of particular 
focus include the pharmacist’s role in pediatric ASPs, 
pediatric ASP activities in expanded settings (eg, am-
bulatory, community hospitals, smaller children’s hos-
pitals), specific disease-state evaluations of (including 
optimal antibiotic choice, dose and frequency, dura-
tion, and clinical outcomes), strategies for outpatient 
parenteral antimicrobial therapy/complex outpatient 
antimicrobial therapy, and pediatric antibiotic stew-
ardship management in special pediatric populations 
(eg, neonates, cystic fibrosis, transplant, immunocom-
promised host).10,42,43 Although PGY2-trained pharma-
cists are not specifically trained to complete research, 
all must complete at least 1 research project that helps 
to provide some experience if they have completed 
an ASHP-accredited residency program. Thus, clini-
cian-researchers should aim to determine optimal im-
plementation strategies and the factors contributing 
to high-intervention uptake and sustainability across 
settings.42,44

Colleagues representing the Society of Infectious 
Diseases Pharmacists have made a strong argument for 
pharmacist involvement in antibiotic stewardship qual-
ity improvement activities and research, and the PPA 
supports their recommendations.42 Published reports 
are encouraged to describe the pharmacist’s role in 
ASP, the pharmacy practice model, and details about 
the specific pediatric population served.42 The PPA 
further recommends health care systems provide time 
for the continued development of pharmacists’ qual-
ity improvement and research skills, encourage and 
reward research contributions, and provide sufficient 
time to perform scholarly activities. Additionally, the PPA 
supports participation in pediatric-specific collaborative 
networks between multiple institutions, such as the 
Sharing Antimicrobial Reports for Pediatric Stewardship 
network, to create robust and quality data.45

Pharmacist Burnout.  Protect Antibiotic Steward-
ship Pharmacists From Burnout Through Manage-
ment of Workload and Expectations. Like other health 
care providers, stewardship pharmacists are at risk of 
burnout and should be protected from it. Burnout driv-
ers specific to antibiotic stewardship pharmacists have 
not been well studied, but many factors contribute to 
overwork, emotional exhaustion, depersonalization, 
and lack of professional accomplishment.46 Therefore, 
it is vital that hospital leadership works to retain talent 
within ASP, particularly pediatric antibiotic stewardship 
talent, as they are a limited resource. Ensuring pediat-
ric antibiotic stewardship pharmacists have adequate 
time off and resiliency skills are important, but these 
are band-aids for underlying issues. The PPA recom-
mends hospital leadership consider actions that ad-
dress the underlying drivers to prevent or minimize 

burnout when possible. Some potentially helpful ac-
tions to protect and retain pediatric antibiotic stew-
ardship pharmacists include clearly communicating 
stewardship activities are supported and prioritized, 
encouraging other ID and pharmacy colleagues to 
support ASP activities, ensuring that the work expec-
tations of the antibiotic stewardship pharmacists are 
realistic based upon available time and resources, 
prioritizing protected time for the administrative and 
scholarly ASP work activities, providing specific job 
descriptions for stewardship pharmacists (rather than 
generic “clinical specialist” position descriptions), and 
providing a path for career growth. Ensuring ASP activ-
ities are efficient and well-prioritized may help expand 
and protect current person resources.47 The PPA rec-
ommends that efforts should be made to support the 
role of the pediatric antibiotic stewardship pharmacist, 
providing them sufficient time, resources, and continu-
ous training to effectively conduct the program while 
minimizing burnout.

Conclusions
Pediatric pharmacists with dedicated expertise in 

antibiotic stewardship are essential to optimizing antibi-
otic drug therapy, in order to improve outcomes, avoid 
adverse effects, and limit resistance development. 
To improve and expand upon this, it is essential that 
student pharmacists and postdoctoral trainees have 
content focused on pediatric antibiotic stewardship/ID. 
Further, those who will be expected to lead or practice 
as pediatric antibiotic stewardship pharmacists should 
optimally complete an ID PGY2 pharmacy residency 
at a children’s hospital or a pediatric ID fellowship 
training program. Until enough of these programs 
exist, it is recommended that current pediatric and 
ID training programs expand education surrounding 
ID or pediatric core competencies, respectively. For 
clinical pharmacists already practicing, participation 
in developing quality CE or certificate programs in 
pediatric antibiotic stewardship will help provide the 
expertise and guidance needed to confidently care for 
this patient population.

The PPA also recommends that all pediatric inpa-
tients receive a high level of pediatric ID care that is 
informed by a pediatric antibiotic stewardship pharma-
cist (in-house or via consultation). As ambulatory ASP 
programs evolve, it is recommended that pediatric 
antibiotic stewardship pharmacists are highly involved 
in supporting optimal care of the ambulatory pediatric 
patient. Further, it is recommended that institutions 
investigate additional payment models to support 
ambulatory efforts. Knowledge sharing is essential to 
the improvement and expansion of important pediatric 
ASP efforts, and, as such, pediatric antibiotic steward-
ship pharmacists should be given resources and time 
to conduct scholarly activities. Last, it is important not 
to lose well-trained pediatric antibiotic stewardship 
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pharmacists to burnout. The PPA recommends strate-
gies to help protect these individuals and their efforts.
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OPINION

Risk Management of Valproate and Other Teratogenic 
Anticonvulsants in the Era of Proliferating Use
Almut G. Winterstein, PharmD, PhD

Valproic acid, carbamazepine and topiramate have well-known teratogenic risk and all 3 rank among the 
top 10 teratogenic medications with the highest prenatal exposure risk. Importantly, pregnancies exposed to 
valproic acid are not dominated by patients with epilepsy but rather with less serious conditions such as mi-
graine. In the United States, only a weight loss combination product containing topiramate has a mandatory 
pregnancy prevention program, a so-called Risk Evaluation and Mitigation Strategy (REMS), while preven-
tion of fetal exposure to all three single ingredient products relies on information in the product labeling and 
a medication guide provided at dispensing.

REMS have been avoided for antinconvulsants because of concerns about reduced medication access for 
patients with serious conditions such as epilepsy, hence weighting maternal harm due to uncontrolled disease 
against adverse pregnancy or infant outcomes. However, the broad and growing spectrum of indications for 
all three medications, paired with increasingly strict abortion laws that may not allow pregnancy termination 
if accidental fetal exposure occurs, may require re-assessment of the benefit-risk of REMS. Here we argue 
that formal quantitative approaches are needed that allow assessments of maternal and infant risk, consider-
ing maternal disease, adverse pregnancy outcomes and teratogenic effects on infants, and the overall public 
health impact of REMS for anticonvulsants. For valproic acid, given its broad use, high risk of fetal exposure, 
and profound impact on child health, we predict the public health impact of a REMS will be favorable.

ABBREVIATIONS FDA, US Food and Drug Administration; REMS, Risk Evaluation and Mitigation Strategies 

KEYWORDS anticonvulsants; drug safety; risk management; teratogenicity; valproate
J Pediatr Pharmacol Ther 2025;30(3):398–400
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Introduction
Regulatory agencies use risk management pro-

grams—in the United States, so-called Risk Evaluation 
and Mitigation Strategies (REMS)—to prevent medica-
tion-related harm and to ensure that the benefit-risk 
of a medication is favorable. REMS might include 
requirements for blood tests to detect early signs of 
drug toxicity or mandatory provider or patient training 
to ensure certain safe use behaviors. Among several 
anticonvulsants with established teratogenic risk, the 
only marketed product that has currently a REMS to 
prevent prenatal exposure in the United States is the 
combination product topiramate-phentermine (Qsymia, 
Vivus LLC, Campbell, CA), approved for weight loss. 
This commentary discusses the need for and obstacles 
to enhanced risk mitigation involving teratogenic anti-
convulsants, especially valproate, in an era of expand-
ing use and increasingly strict abortion restrictions.

Teratogenic Risk of Anticonvulsants
Anticonvulsants are one of the most comprehen-

sively evaluated medication classes in pregnancy, 
with epilepsy-pregnancy registries that have been 

 ongoing for more than 2 decades1,2 and a broad array of 
claims-based studies. Well-accepted evidence places 
valproate among one of the most potent teratogenic 
medications with links to spina bifida, cardiac septal 
defects, oral clefts, and adverse neurodevelopmental 
outcomes.3 Among other commonly used anticon-
vulsants, carbamazepine and topiramate have also 
accumulated substantial evidence supporting terato-
genicity. Although associations are less pronounced 
when compared with valproate, carbamazepine shows 
consistent links with major malformations,3 especially 
with neural tube defects,4 while topiramate has been 
closely linked with oral clefts.5

Prenatal Exposure to Anticonvulsants
Prenatal exposure to anticonvulsants, whether in-

tended or unintended, is common. Our recent analysis 
of women in private insurance places valproate, topira-
mate, and carbamazepine among the top 10 teratogenic 
medications with exposure during pregnancy.6 Notably, 
although initially approved for epilepsy, valproate, 
 topiramate and carbamazepine have several approved 
and a multitude of off-label indications outside of 
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 epilepsy that account for the vast majority of users and 
exposures during pregnancy.7 This is important because 
the maternal and fetal risk imposed by uncontrolled 
epilepsy might justify valproate use during pregnancy 
in rare circumstances, while its more prevalent use for 
migraine has undoubtedly a negative benefit-risk. Inter-
estingly, we found the highest risk for pregnancy onset 
among valproate users with migraine or headache (2.7 
pregnancies per 100 user-years), which was double 
the rates observed among patients with epilepsy.7 
Thus, the indications that account for the most valpro-
ate use and that have the least favorable benefit-risk 
during pregnancy account for the largest proportion of 
pregnancies exposed to valproic acid.

Considering a 10% risk for major malformations3 or 
10% risk for autism,8 it would seem intuitive that most 
women with migraine either did not intend to use 
valproate during pregnancy or did not know about 
the teratogenic risk. Supporting data are provided by 
our analysis of the timing of prenatal care initiation: 
we found that among pregnancies with teratogenic 
anticonvulsant exposure, most (>80%) of prescription 
fills occurred during the first trimester when pregnancy 
may not have been recognized yet.9 Furthermore, only 
10% had prenatal care initiated before the prescription 
fill, suggesting that discussions about the benefit-risk 
of use during pregnancy had not commenced.

Mitigation of Prenatal Exposure Risk to 
Teratogenic Anticonvulsants

These findings then lead to the question of how pre-
natal exposure to valproate, but also carbamazepine and 
topiramate, can be prevented. In the United States, val-
proate carries a black box warning about its teratogenic 
risk, while the labelling for carbamazepine and topiramate 
addresses teratogenicity only in the warning and precau-
tion section. All 3 medications have a requirement for a 
medication guide with varying messaging regarding use 
during pregnancy, which must be dispensed by pharma-
cies. Knowledge assessments following exposure to 
medication guides have shown limited value and whether 
and how such knowledge might translate into enhanced 
safe use behaviors is largely unknown.10

For reference, REMS programs for other teratogenic 
medications include a combination of mandatory pro-
vider and/or patient training, pharmacy registration, 
pregnancy tests, restricted medication quantities or 
restricted distribution, or written patient consent re-
garding use of contraception. Although the effective-
ness of each individual component is unclear, several 
implemented REMS programs have demonstrated a 
reduction in prenatal exposure risk.11–13

Considering the magnitude (risk, severity, and 
certainty) of teratogenicity and the benefit of REMS 
programs, we must wonder why no REMS programs 
for pregnancy prevention have been considered for 
these agents. Some insight is provided by experience 

with the topiramate-phentermine weight loss product, 
which was approved with a REMS that required pa-
tient education through specialty pharmacies. In its 
advisory committee briefing document, the US Food 
and Drug Administration (FDA) noted that although 
it might be preferable to institute a more restrictive 
REMS that requires pregnancy testing, this would 
cause undue burden on patients receiving topiramate 
for seizure disorders or migraine prophylaxis.14 In 
other words, the burden of a REMS, which potentially 
reduces access to a lifesaving medication that in 
certain circumstances may even retain a favorable 
benefit-risk during pregnancy, must be weighed 
against its benefit in preventing fetal harm. Limiting 
such a restrictive REMS to the weight loss product 
only, the FDA noted, may in turn result in use of the 
single generic ingredients without a REMS, hence 
circumventing the burden but also the benefit of risk 
mitigation. Indeed, topiramate initiation rates more 
than doubled within 1 year of the combination product 
approval, likely not because of REMS burden but be-
cause of lower costs.15 Importantly, the REMS attached 
to the combination product has indeed demonstrated 
benefit in reducing exposure during pregnancy, while 
topiramate shows similar pregnancy rates as other 
non-teratogenic weight loss products.13

Rethinking the REMS Benefit-Risk 
Equation

Where does this leave us in promoting healthier 
pregnancies? As demonstrated for topiramate, it 
appears that the public health impact of a REMS is 
indication specific. For severe indications, a REMS 
may reduce access to a lifesaving medication while 
potentially having only a minor impact on preventing 
fetal harm because of patients’ and providers’ commit-
ment to pregnancy planning (given disease severity). 
For less severe indications, a REMS may have a signifi-
cant benefit in reducing unintended and unnecessary 
exposure during pregnancy with limited concern about 
(reduced) access.

Importantly, this relationship defining the positive 
or negative public health impact of a REMS hinges on 
the assumption that REMS programs reduce access to 
a medication, which has yet to be quantified. Recent 
data suggest that providers might actually get reas-
surance from additional oversight provided by REMS, 
which might therefore increase rather than reduce 
prescribing and patient access to a medication.16 This 
is particularly important in light of increasing restric-
tions to abortion, which might persuade physicians to 
omit teratogenic medications when treating persons 
of child-bearing potential.17 This would imply that a 
REMS could actually become an enabling component 
in health care delivery, for example, by ensuring that 
effective contraception is in place before teratogenic 
medications are initiated. More research that quantifies 
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the effect of REMS on reduced medication access is 
needed to facilitate a comprehensive assessment of 
their public health benefit.

Moving Ahead
Assuming that indications do play a role in whether 

the public health impact of a REMS is overall positive or 
negative, there are 2 ways forward. Designing indication-
specific REMS programs is complicated because in the 
United States, indications are currently not captured in 
the prescribing process. Cost containment strategies 
implemented by payers (e.g., for diagnostic procedures) 
have solved this problem by requiring that specific diag-
noses accompany procedural charges, which raises the 
question of whether similar requirements could not be 
embedded into electronic prescriptions. If such a solution 
remains elusive, decisions about REMS should consider 
their overall public health impact, as aggregate of the net 
benefit for each indication, considering the probability 
and severity of uncontrolled maternal disease(s) on one 
hand, and of infant morbidity on the other. Quantifica-
tion of these probabilities, while complex, is feasible 
with pharmacoepidemiologic methods, and tradeoffs 
between consequences for the mother versus child and 
the types of adverse outcomes can be captured with 
decision-science approaches. Such an evidence-based 
approach in regulatory decision-making would ensure 
that the public health benefit of REMS is optimized. For 
anticonvulsants, the myopic focus on epilepsy in evaluat-
ing REMS benefit needs to be broadened to consider the 
evolving spectrum of users. For valproate, given its broad 
uses and prenatal exposure risk, I predict the overall 
public health benefit is dominated by its profound impact 
on child health, arguing strongly in favor of a REMS.
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Introduction
Acne vulgaris is a chronic disease of the piloseba-

ceous unit of the skin, characterized by open or closed 
comedones and the development of inflammatory 
papules, pustules, or nodules.1 Acne is one of the most 
common skin disorders in adolescents and young 
adults, affecting up to 87% of teenagers.2 During the 
young adult years acne typically exhibits a male pre-
dominance, while postadolescent acne mainly affects 
females.3 Acne is not solely a disorder of adolescence, 
nevertheless overall incidence declines with increasing 
age and typically resolves by the third decade. Pediatric 
acne is acne that manifests prior to adolescence, classi-
fied into 4 main groups on the basis of age at symptom 
onset: neonatal acne, infantile acne, mid-childhood 
acne, and preadolescent acne (Table 1).2 Although acne 
is not associated with mortality, complications such as 
hyperpigmentation and scarring may arise. Additionally, 
the negative psychosocial effects of having acne can be 
detrimental to our young patients, therefore appropriate 
care and treatment is vital.

Pediatric Acne Categorization and 
Pathogenesis

Acne vulgaris lesions can be either comedonal or 
papulopustular3:

• Comedonal lesions are milder in severity and char-
acterized by closed comedones, or “whiteheads,” 
or open comedones, also known as “blackheads.” 
Comedonal lesions are noninflammatory and typi-
cally smaller than 5 mm.

• Papulopustular acne has a more inflamed pre-
sentation with relatively superficial papules or 
pustules, although still typically smaller than 5 mm.

• Nodular acne is a more severe variation of papu-
lopustular acne with deep-seated, inflamed, and 
often tender, large papules or nodules.

Acne in young children is usually mild; however, as 
adolescence progresses it can vary greatly. Neonatal 
acne occurs anytime from birth to less than 6 weeks of 

age and affects an estimated 20% of newborns.2 This 
is typically mild and self-limited and does not require 
treatment. Infantile acne begins around 6 weeks of age 
and can last up to a year or sometimes a bit longer. It 
is more common in males and may present with both 
inflammatory lesions and comedones. As with neonatal 
acne, most infantile acne is typically self-limited and not 
associated with underlying endocrine pathology. On the 
rare occasion that infantile or neonatal acne is severe 
or if the child has other potential signs of hormonal 
abnormality, clinicians should submit a referral to a 
pediatric endocrinologist for further work-up. Acne that 
occurs in children between the ages of 1 and 7 years is 
known as mid-childhood acne and is typically a sign of 
an endocrine abnormality.

In adults, several different host factors play a role in 
contributing to the pathogenesis of acne, which leads 
to lesion formation. The 4 main players associated with 
acnegenesis include hyperkeratinization of follicles, 
increased sebum production, Cutibacterium acnes 
bacteria, and inflammation.3 In children, particularly 
infants, transient increased physiologic concentrations 
of adrenal androgens may be the culprit.4 Because 
androgens stimulate the growth and secretory function 
of sebaceous glands, they increase sebum production 
and thus facilitate the development of acne.3 Infants 

Table 1. Pediatric Acne Categorization2

Age of Onset Acne Type

Birth to ≤6 wk Neonatal

6 wk to ≤1 yr Infantile

1 yr to <7 yr Mid-childhood

≥7 to ≤12 yr or menarche  
in females

Preadolescent

≥12 to ≤19 yr or after menarche  
in females

Adolescent
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experience what is known as “mini-puberty,” which 
consists of activation of the hypothalamic-pituitary-
gonadal axis during the neonatal period, resulting in 
elevated gonadotropin and sex steroid levels during 
the first 3 to 6 months of life.5 This transient elevation 
in androgens allows for the maturation of sex organs, 
and in male infants results in the production of gonadal 
testosterone, which can contribute to acne formation. 
Once hormone levels normalize, infantile acne typically 
subsides. Mid-childhood acne is rare and usually due to 
an endocrine imbalance, as children at this age do not 
normally produce a significant number of androgens; 
these children warrant an endocrine work-up.

Treatment for Mild to Moderate Acne
The treatment of acne in children and young adults 

varies depending on age and presentation; however, 
there are no large randomized controlled trials or 
observational studies of acne treatment in infants 
and young children.6 The guidelines published by the 
American Academy of Dermatology offer evidence-
based recommendations for patients aged 9 years 
or older1; additionally, an expert panel convened by 
the American Acne and Rosacea Society developed 

recommendations for the treatment of pediatric acne, 
which also encompasses younger patients.2 Ultimately, 
the goal of treatment in pediatric acne is to mitigate as 
many age-appropriate pathogenic factors as possible 
by reducing sebum production, preventing the forma-
tion of microcomedones, suppressing C acnes bacteria, 
and minimizing inflammation to prevent scarring.2

Like the treatment of acne in adults, clinicians treat 
mild pediatric acne with topical medications (Table 2). 
Monotherapy with benzoyl peroxide or a topical reti-
noid is the recommended initial treatment of choice; 
if monotherapy is ineffective, consider combination 
therapy.2 Other potential options include topical anti-
biotics in combination with benzoyl peroxide or topical 
dapsone.1,7

Benzoyl peroxide acts by killing the bacteria on the 
skin, stopping the production of sebum, and breaking 
down the outermost layer of the skin. It is an oxidizing 
agent that has potential to improve both inflammatory 
and noninflammatory acne lesions.7 Benzoyl peroxide is 
the most widely studied over-the-counter product and 
is one of the most versatile, safe, inexpensive, and ef-
fective acne therapies.2 While benzoyl peroxide is avail-
able over the counter in various dosage forms including 

Table 2. Topical Medications Used for Pediatric Acne Vulgaris2,7

Category Medication Age per FDA Indication Expert Panel 
Recommendation

Topical retinoid Adapalene 12 yr and older May be used as 
monotherapy or in 
combination regimens for all 
types and severities of acne 
in children and adolescents 
of all ages

Tazarotene 9 yr and older for lotion,  
12 yr and older for all other 
dosage forms

Tretinoin 9 yr and older for lotion,  
10 yr and older for 0.05% 
gel, 12 yr and older for all 
other dosage forms

Trifarotene 9 yr and older

Antimicrobial Benzoyl peroxide Adolescents Safe and effective as 
monotherapy or in 
combination for mild 
pediatric acne or in regimens 
for acne of all types

Clindamycin 12 yr and older Monotherapy is not 
recommended, must be used 
in combination with benzoyl 
peroxide

Dapsone 9 yr and older for 7.5% gel, 
12 yr and older for 5% gel

May be considered in 
pediatric acne

Topical androgen 
receptor inhibitor

Clascoterone 12 yr and older FDA approved after expert 
panel review; has been 
studied in children as young 
as 9 yr

FDA, US Food and Drug Administration

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-06-14 via free access



Acne Vulgaris in Children and AdolescentsPalmieri, S

 J Pediatr Pharmacol Ther 2025 Vol. 30 No. 3 403www.jppt.org 

creams, gels, washes, and foams and in concentrations 
ranging from 2.5% to 10%, washes should be avoided 
or used cautiously in children to prevent eye irritation 
or accidental ingestion.6 Concentration-dependent 
irritation, staining, and bleaching of fabric and hair is 
a limiting factor in treatment with benzoyl peroxide.1

Topical retinoids work by normalizing follicular 
hyperkeratosis and preventing the formation of the 
microcomedo, the primary lesion of acne.2 The 4 
currently available topical retinoid therapies for acne 
vulgaris include adapalene, tazarotene, tretinoin, and 
trifarotene. The safety and efficacy of retinoids in 
pediatric patients ages 12 years and older has been 
well documented in the literature, and several retinoid 
formulations have been approved by the US Food and 
Drug Administration (FDA) for children as young as  
9 years.2,7 Experts agree that topical retinoids may be 
used as monotherapy or in combination regimens for 
all types and severities of acne in children and adoles-
cents of all ages.2 As with most medications, the lowest 
strength should be trialed first. If used in combination, 
apply benzoyl peroxide and tretinoin at different times 
of the day to avoid oxidation or degradation of the 
tretinoin product. The most common adverse effects 
of retinoids include dryness, burning, stinging, and 
scaling.2 Retinoids can also cause photosensitivity; 
thus, encourage the routine use of sunscreen in these 
patients to improve tolerability.

Topical antibiotics such as clindamycin and eryth-
romycin have not been studied for the treatment of 
acne in children younger than 12 years; however, 
clinicians may use them in the pediatric population 
as an alternative to retinoids and benzoyl peroxide.2 
The guidelines discourage monotherapy with topical 
antibiotics owing to concerns for antibiotic resistance, 

so patients should always use them in combination 
with benzoyl peroxide.1

Topical dapsone is an antimicrobial agent that shows 
modest to moderate efficacy, particularly in the reduc-
tion of inflammatory acne lesions.8 Dapsone is thought 
to possess both anti-inflammatory and antimicrobial 
properties. While efficacy and tolerability of dapsone is 
favorable in both males and females, a subgroup analy-
sis has demonstrated superior efficacy in females.9 
The exact mechanism behind this sex difference is not 
well understood; however, differences in skin surface 
pH, skin thickness, and sex hormones may play a role. 
Dapsone does have a formulation available that is FDA 
approved for patients aged 9 years and older, and 
the expert panel suggests that it may be considered 
secondarily in pediatric acne.2,7

Treatment for Moderate to Severe Acne
Moderate pediatric acne is often initially treated 

with topical combinations including a retinoid and 
benzoyl peroxide and/or topical antibiotics; however, 
more severe acne typically requires addition of sys-
temic therapy (Table 3).2 Whenever topical or systemic 
antibiotics are used in acne, they should be combined 
with topical benzoyl peroxide to prevent antimicrobial 
resistance.6 Additionally, clascoterone is a novel, first-
in-class topical androgen receptor inhibitor indicated 
for the treatment of acne vulgaris in individuals aged  
12 years and older. Several clinical studies for clas-
coterone have included patients as young as 9 years 
and have demonstrated favorable safety and efficacy.10

Tetracycline antibiotics such as doxycycline and mi-
nocycline are first-line medications for the treatment of 
moderate to severe acne vulgaris1; however, clinicians 
do not use them in children younger than 8 years owing 

Table 3. Systemic Medications Used for Pediatric Acne Vulgaris2,7

Category Medication Age per FDA Indication Expert Panel Recommendation

Tetracycline antibiotic Doxycycline 8 yr and older Oral antibiotics are appropriate 
for moderate to severe 
inflammatory acne vulgaris at 
any age. Tetracycline antibiotics 
should not be used in children 
younger than 8 yr

Minocycline 9 yr and older

Sarecycline 9 yr and older

Macrolide antibiotic Azithromycin 
Erythromycin

Not FDA approved for 
acne but used in infants 
and children for other 
indications

Oral retinoid Oral isotretinoin 12 yr and older Recommended for severe, 
scarring and/or refractory acne 
in adolescents and may be used 
in younger patients

Combination oral 
contraceptives

Various estrogen/
progestin 
combinations

Females 14 yr and older 
or at least 2 yr after 
menarche

May be useful as second-line 
therapy in regimens of care in 
pubertal females with moderate 
to severe acne

FDA, US Food and Drug Administration
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to their propensity to stain the developing tooth enamel. 
Additionally, we do not typically use systemic antibiotics 
and topical antibiotics simultaneously in the treatment 
of acne. Sarecycline is a newer, narrow-spectrum tet-
racycline antibiotic indicated for inflammatory lesions 
of non-nodular moderate to severe acne vulgaris in 
patients 9 years of age and older.7 In patients younger 
than 8 years who require systemic antibiotic therapy 
for acne, macrolides such as azithromycin and eryth-
romycin are the antibiotics of choice.2 Educate young 
patients and their caregivers on potential side effects 
of systemic antibiotics and inform them that the typi-
cal duration of therapy is 3 months. Both tetracyclines 
and macrolides can cause gastrointestinal distress; 
tetracyclines are also known to cause photosensitivity.7

For severe, nodular acne and acne unresponsive 
to systemic antibiotics, oral isotretinoin is the recom-
mended treatment; it tackles all 4 major factors in acne 
pathogenesis. Oral isotretinoin is the only medication 
that can permanently alter the natural course of acne 
vulgaris and has the potential to induce long-term 
remission.11 While isotretinoin is not FDA approved 
for use in children younger than 12 years, the expert 
panel agrees that it may be used in younger patients 
with severe, refractory, and scarring acne.2 The most 
common side effects include dry skin and mucous 
membranes, visual changes, and myalgias.2 Isotretinoin 
is teratogenic and contraindicated in pregnancy,7 which 
may be pertinent in our older adolescent population.

Hormonal therapy with combination oral contracep-
tive medications may be a reasonable second-line 
therapeutic option for female patients with moderate to 
severe acne vulgaris. We do not typically use combined 
oral contraceptives in children younger than 14 years or 
within the first 2 years of starting menses.1,2 Additionally, 
patients with select cardiovascular and gastrointestinal 
comorbidities are not good candidates for treatment 
with these medications.1

Benzoyl Peroxide and Benzene— 
Where Are We

As I have noted above, benzoyl peroxide has been 
used for decades in the treatment of acne vulgaris, 
however recently there have been several reports 
which highlight potential safety concerns. Benzoyl per-
oxide, particularly when exposed to high temperatures, 
is known to degrade into benzene, a potent human 
carcinogen.12 Aside from its use in the production of 
various chemicals, benzene may be found in natural 
sources as it is emitted as a vapor into the atmosphere 
by forest fires and volcanoes, and it is a natural part 
of crude oil, gasoline and cigarette smoke.13 Even low 
levels of exposure to benzene at 1 part per million 
(ppm) or less have been shown to increase the risk of 
hematotoxicity.14

In March of 2024, Valisure LLC, an independent 
testing laboratory filed a Citizen’s Petition with the 

FDA requesting a recall and suspension of the sale 
of products containing benzoyl peroxide.15 Valisure 
conducted a study of 66 benzoyl peroxide containing 
products incubated at 50°C for 18 days. Subsequently, 
any products that showed relatively high stability were 
placed in 70°C incubation for 18 days. While in 70°C is 
an elevated temperature, 50°C is within a reasonable 
expected range that the product could be exposed to 
during routine handling. Elevated concentrations of 
benzene were detected in the majority of the benzoyl 
peroxide products tested, most of which were well over 
the 2 ppm acceptable concentrations set by the FDA. 
These levels ranged from about 0.2 ppm in a handful 
of the more stable products to over 1600 ppm in some 
of the worst offenders. Their results showed that even 
the most stable benzoyl peroxide formulations still pro-
duced over 2 ppm of benzene when incubated at 70°C 
for 14 or 18 days. They also discovered that benzene 
could leak outside of unopened benzoyl peroxide-
containing acne treatment products at concerningly 
high levels.

A second group of researchers tested 111 different 
benbzoyl peroxide formulations shortly after taking 
them off the shelf.  They noted that 34% of products 
tested contained benzene above the 2 ppm limit.16 They 
also examined the effects of sunlight on degradation 
of benzoyl peroxide and concluded that UV exposure 
at levels expected outdoors are another concerning 
mechanism for the formation of benzene and may 
be more rapid than heat exposure. Additionally, they 
conducted a cold incubation experiment which did 
confirm that cold storage may stabilize benzoyl perox-
ide formulations.

Given this emerging data, the American Acne and 
Rosacea Society put out a statement recognizing these 
concerns, however stated that until further guidance 
is put out by the FDA upon confirmation of the data, 
patients should work with their providers to determine 
the best course of action to take.17 They note that switch-
ing to another treatment may be an option for some, 
however there is no formal mandate to stop the use of 
benzoyl peroxide at this time. They also highlight the 
importance of following appropriate storage instruc-
tions, and directions for when to discard products. 
Additionally, storing benzoyl peroxide-containing prod-
ucts under refrigeration to reduce degradation, and 
replacing products every 3 months is recommended. 
At this point in time, benzoyl peroxide continues to be 
considered safe and effective by the FDA. Reassuringly, 
two recent studies published in the Journal of American 
Academy of Dermatology suggest that routine use of 
benzolyl peroxide-containing products for acne was 
not associated with meaningful risk of benzene in the 
blood or increased risk of cancer.18,19

While these initial reports of potential for high levels 
of benzene exposure should not be taken lightly, it is 
unclear if these findings have any clinically significant 
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impact at this time. As we await official guidance from 
the FDA, patients should collaborate with their provid-
ers to assess what is right for them. At a minimum, it 
is reasonable to store benzoyl peroxide-containing 
products away from direct sunlight and heat, and when 
not in use, in a cool place or even the refrigerator. 

Most recently following the receipt of third-party 
testing results submitted to the FDA regarding elevated 
benzene concentrations in select benzoyl peroxide 
containing acne products, the FDA initiated indepen-
dent testing to validate these findings. While the FDA 
testing results indicated fewer products with benzene 
contamination as compared to the third-party findings, 
this did result in a small amount of voluntary recalls at 
the retail level.20 On March 11, 2025, several manu-
facturers volunteered to recall six over-the-counter 
acne products that the FDA found to have elevated 
benzene concentrations. An additional manufacturer 
volunteered to recall its Zapzyt Acne Treatment Gel 
after an elevated  benzene concentration was found 
during in-house testing. The retail-level recall calls on 
stores and online retailers to remove these products 
from their shelves, but the FDA has not recommended 
that consumers take any action at this time. Even with 
daily use of these products for decades, the risk of a 
person developing cancer because of exposure to 
benzene found in these products is very low. The FDA is 
continuing to monitor the issue of benzene contamina-
tion in drug products, any newly available information 
will be published as it emerges. 

Conclusion
The appearance of acne can be very troublesome 

for our pediatric patients, therefore timely and effective 
treatment is of utmost importance. In pediatric acne, 
treatment selection is based on lesion severity, patient 
age, and patient preference. Infantile acne is typically 
mild; when treatment is necessary, topical monotherapy 
is first line. Children with mid-childhood acne should 
have a consultation with an endocrinologist, as this is 
typically due to a hormonal imbalance; several topical 
and systemic treatments may also be used, based on 
expert opinion. Severe acne in pediatric patients may 
require the use of systemic antibiotics or isotretinoin, 
although age does play a factor in medication selection. 
Hormonal therapies are another option for some of our 
adolescent female patients with acne, depending on 
their age and onset of puberty. Treatment for acne in 
preadolescents uses the same principles as we use for 
adolescents and adults, with the exceptions of some 
therapies such as tetracycline antibiotics and hormonal 
therapies. Recently, benzoyl peroxide, a common ingre-
dient found in many topical acne products, was linked 
to potential benzene exposure. While this did result in a 
small retail-level recall, benzoyl peroxide still continues 
to be considered safe and effective by the FDA.
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Torsades de Pointes (TdP) is a life-threatening poly-
morphic ventricular arrhythmia associated with prolon-
gation of the heart-rate corrected QT interval (QTc) as 
measured via electrocardiogram.1 Prolonged QTc may 
result from heritable causes related to dysfunction 
of cardiac repolarization or it can be acquired; most 
acquired cases of prolonged QTc are drug related.1 
Given the potential catastrophic impact of TdP, much 
attention has been given to mitigating the risk of QTc 
prolongation in adults. Children are also vulnerable 
to drug-induced QTc prolongation and the risk of TdP, 
although the incidence is poorly defined.2 Emerging 
data about drug-related QTc prolongation in adults 
must also be considered in the context of pediatric 
patient risk, particularly when the drugs are commonly 
used in children.

A study published in the sixth 2023 issue of JAMA 
Network Open, “Ceftriaxone and the Risk of Ventricular 
Arrhythmia, Cardiac Arrest, and Death Among Patients 
Receiving Lansoprazole,” is one such example of 
emerging evidence with potential implications in the 
pediatric population.3 Bai and colleagues3 explored the 
association of adverse cardiac outcomes with a com-
bination of ceftriaxone and lansoprazole, building on 
initial identification of an association with the medica-
tion combination and QTc prolongation by Lorberbaum 
and colleagues,4 by using data mining and laboratory 
experimentation. The article by Bai et al3 described a 
multicenter, retrospective cohort study evaluating adult 
inpatients in 13 hospitals in Ontario, Canada, during a 
7-year period from 2015 to 2021. Patients were included 
if they were prescribed 1 or more doses of ceftriaxone 
during their hospital stay, and a proton pump inhibitor 
(PPI) at any time between the first and final dose of cef-
triaxone. Patients who received lansoprazole in combi-
nation with ceftriaxone were compared with those who 
received any other PPI in combination with ceftriaxone. 
Patients were followed up until hospital discharge for a 

primary composite outcome of ventricular arrhythmia or 
cardiac arrest during the hospital stay (which did not oc-
cur prior to hospital admission), based on International 
Statistical Classification of Diseases and Related Health 
Problems, 10th Revision (ICD-10-CA) codes.5 All-cause 
in-hospital mortality was a secondary outcome.

Included in the study were 31,152 patients with a 
mean ± SD age of 71.7 ± 16 years who were further 
categorized into those who received lansoprazole  
(n = 3747) and those prescribed other PPIs (n = 27,405).3 
Differences in baseline characteristics between the 
groups (e.g., age, intensive care unit [ICU] admission, 
and risk factors for ventricular arrhythmia) were ac-
counted for by using adjustment based on propensity 
scoring. The primary composite outcome occurred in 
3.4% of patients in the lansoprazole group compared 
with 1.2% in the other PPI group (p < 0.001). All-cause in-
hospital mortality was also greater in the lansoprazole 
than in the other PPI group (19.9% vs 10.1%, respec-
tively; p < 0.001). After propensity score adjustment, the 
 adjusted risk ratios for the lansoprazole group for the 
composite outcome and all-cause in-hospital mortality 
were statistically significantly different at 2.2 (95% CI,  
1.7–2.2) and 1.6 (95% CI, 1.5–1.7), respectively. The 
adjusted risk difference for the lansoprazole group for 
the composite outcome was 1.7% (95% CI, 1.1–2.3), corre-
sponding to a number needed to harm of approximately 
58. The adjusted risk difference for all-cause in-hospital 
mortality was 7.4% (95% CI, 6.1–8.8), corresponding to 
a number needed to harm of 13.

It is striking that this large, multicenter study reported 
increased risk for ventricular arrhythmias, cardiac arrest, 
and death among adults receiving the combination 
of ceftriaxone and lansoprazole, given the lack of at-
tention to this combination previously. The study built 
upon the results of a 2016 data mining study, in which 
1.6 million electrocardiogram results from 380,000 
adult patients were reviewed.4 Signals for increased 
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incidence of prolonged QT interval in patients receiving 
both ceftriaxone and lansoprazole as compared with 
either drug alone emerged and were validated with 
patch-clamp electrophysiology experiments.4 The drug-
drug interaction was not observed with PPIs other than 
lansoprazole. Other literature addressing this interac-
tion is limited to a letter responding to the 2016 study 
by Lorberbaum and colleagues,4 in which Lazzerini and 
colleagues6 briefly describe limited experience with 
patients receiving the combination who subsequently 
experienced acquired long QT syndrome or TdP.

The proposed mechanism of the drug-drug interac-
tion between ceftriaxone and lansoprazole resulting in 
prolonged QTc is an additive blockade of the human 
ether a-go-go (hERG) potassium channel.4,7 A 2022 
study of nearly 25,000 adults admitted to the ICU 
reported an association of PPIs with QT interval prolon-
gation, with pantoprazole and lansoprazole associated 
with the greatest risk.8 Less has been reported with 
ceftriaxone, though a retrospective pharmacovigilance 
study published in 2021 reported a nearly 2-fold higher 
odds (OR, 1.92; 95% CI, 1.8–2.05) of experiencing a 
cardiac disorder among ceftriaxone-receiving adults 
without coronavirus infection.9

Is this relevant in children? Should pediatric practi-
tioners be wary of or even avoid the combination of 
ceftriaxone and lansoprazole in their patients? The 
medication combination is certainly used in pediatric 
patients. A point prevalence study conducted in 32 US 
children’s hospitals determined that ceftriaxone was 
the second most prescribed antibiotic.10 In another 
evaluation of 51 children’s hospitals in 2017 and 2018, 
ceftriaxone was the most common antibiotic prescribed 
in nonsurgical patients, with 5% of medical unit patients 
and 9% of pediatric ICU patients receiving ceftriaxone.11 
Ceftriaxone is also frequently administered to ambula-
tory children in the emergency department.12 Proton 
pump inhibitors such as lansoprazole are commonly 
used in both ambulatory and hospitalized pediatric 
patients.13–15

While no publication has specifically reported the 
frequency of use of both drugs in combination, internal 
data from the authors’ local institution provide some 
insight. Medication usage data were queried from ad-
missions during a 10-year period at this free-standing, 
academic pediatric hospital. Of the 230,212 hospital 
admissions from the start of 2014 through the end of 
2023, a total of 335 patient admissions received at least 
2 ceftriaxone doses with at least 1 lansoprazole dose in 
between. This equates to approximately 3 children each 
month who received the combination of ceftriaxone and 
lansoprazole. Depending on institutional formularies, 
patient acuity, and local prescribing patterns, this drug 
combination may also be commonly observed at other 
pediatric hospitals.

If pediatric patients do receive this drug combina-
tion, how likely is it that the findings of Bai and col-

leagues3 apply to children? To date there have been 
no published reports of negative cardiac outcomes in 
pediatric patients receiving the combination of ceftriax-
one and lansoprazole. Of course, absence of evidence 
should not imply evidence of absence. If a child had 
experienced prolonged QTc or TdP due to this drug 
combination, the interaction is unlikely to have been 
recognized owing to lack of evidence in children. Tors-
ades de Pointes is rare, difficult to detect, and generally 
underreported. Because the incidence of drug-induced 
TdP is not well defined in pediatric patients, it is chal-
lenging to compare the incidence with that observed 
in adults.2 Drug-induced QTc prolongation in adults is 
exceptionally rare in patients without predisposing risk 
factors.1 It is unknown whether patient-specific factors 
associated with increased risk in adults, such as female 
sex, electrolyte abnormalities, and heart failure with 
reduced ejection fraction, also predispose children to 
drug-related TdP. Importantly, many of these underly-
ing cardiac risk factors are rare in children, making 
research challenging.

Is the mechanism of this interaction likely to occur 
in pediatric patients? The full ontogeny of the hERG 
potassium channel is not well described, but evidence 
supports the presence of this channel from birth. 
Expression of the KCNH2 gene, encoding the fast 
potassium channel hERG, was found to be higher in 
patients younger than 15 years than in adults.16 Given 
that most drug-induced QT interval prolongation is 
due to binding to and interference with hERG potas-
sium channels, this increased expression has been 
suggested as a reason why many QTc-prolonging 
medications may be associated with a lower impact in 
children than in adults.1,17 However, QTc prolongation 
due to hERG-blocking medications has been reported 
in all age ranges of patients, including preterm infants, 
indicating at least some degree of risk.17–22 Interestingly, 
in 1 case series, 8 of 22 patients <2 years of age who 
received domperidone experienced QTc prolonga-
tion, with only 2 experiencing QTc ≥450 msec. Those 
2 patients were receiving concomitant lansoprazole.21 
Finally, the average age at diagnosis of long QT syn-
drome (LQTS) in one study was 6.8 years, with 20% of 
patients presenting before 1 month of age.23 Defective 
hERG potassium channels, due to pathogenic KCNH2 
gene variants, cause 25% to 40% of congenital LQTS.24 
This variation, called LQTS type 2, is the second most 
common cause of congenital LQTS.

In conclusion, the 2023 study by Bai and colleagues3 
highlights a potentially important drug-drug interaction 
between ceftriaxone and lansoprazole, which may in-
crease an adult patient’s risk for ventricular arrhythmia, 
cardiac arrest, and in-hospital mortality. Despite the 
absence of evidence supporting the impact of this inter-
action in pediatric patients, the potential for associated 
negative cardiac outcomes in pediatric patients receiv-
ing the combination of ceftriaxone and  lansoprazole 
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are concerning, given the proposed pathophysiologic 
mechanism of the interaction. Clinicians should con-
sider diligent monitoring in those children receiving 
concomitant ceftriaxone and lansoprazole, particu-
larly in children who are receiving other medications 
that may prolong QTc or in the context of electrolyte 
abnormalities. Use of alternative PPIs or histamine 
(H2) antagonists could also be considered in place of 
lansoprazole. Children with congenital LQTS may also 
be at risk and providers should consider alternative 
combinations, when possible. Additional research is 
needed to evaluate the clinical outcomes associated 
with this combination in the pediatric cohort.
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Posaconazole is a triazole antifungal that plays an im-
portant role in the treatment and prevention of various 
fungal infections, particularly in immunocompromised 
patients. It has historically been available as delayed-
release (DR) 100-mg tablets, immediate-release (IR) 
oral suspension 40 mg/mL, and as an intravenous (IV) 
solution; at the end of 2022, a DR oral suspension for 
preparation became available on the market in the 
United States.

Owing to erratic bioavailability of the IR oral sus-
pension, the DR oral suspension has been highly 
anticipated in the pediatric setting because of the 
opportunity to provide patient-specific doses in a 
safe and effective manner.1,2 The DR oral suspen-
sion avoids the crushing of DR tablets (which is not 
formally approved though studies supporting the 
practice exist) and associated difficulties in optimizing 
a dose given tablet sizes; administering the IR sus-
pension multiple times per day (some patients may 
require dosing 4 times a day to achieve appropriate 
therapeutic concentrations); and using a less optimal 
antifungal for the patient.3–6

Unfortunately, the currently available product poses 
several barriers for use in patient care, and particularly 
in the inpatient setting. This commentary presents iden-
tified challenges and solutions with the current formu-
lation of posaconazole DR oral suspension, identified 
at a large, tertiary pediatric academic medical center.

Product Availability
Posaconazole DR oral suspension is only available 

for purchase as a drop-ship item; drop-ship medications 
take more time for order and delivery than other medi-
cations. Available in an 8-day supply package, each kit 
comes with 1 bottle of solution for reconstitution.1 The 
medication is supplied in packets with 4 syringes (2 blue 
[10 mL] syringes and 2 green [3 mL] syringes), 2 mixing 
cups, a bottle of mixing liquid (contains preservatives), 
and a bottle adapter.1

Challenges. 
• Inpatient: The product is available as a medication 

box/kit and these are essentially patient-specific, 
complicating medication preparation and dispens-
ing from an inpatient setting. Questions consid-
ered by our institution’s pharmacy team include:
• How should packets be prepared when there 

is 1 primary diluent bottle for each of 8 packets? 
Would this look different if there were multiple 
patients needing the medication at once?

• Where should doses be dispensed from (and 
are the packets all dispensed at once or indi-
vidually)?

• What to do with extra packets?
• How to allow for appropriate barcode medica-

tion administration scanning of the doses?
• Ambulatory: The 8-day supply/counts are chal-

lenging for families who are accustomed to re-
ceiving medications every 30 days, particularly 
if an insurance company will not allow a 32-day 
supply. This requires families to come to the 
pharmacy more frequently (particularly if receiving 
other maintenance medications), and both fam-
ily and pharmacy must identify the need to refill 
the medication (usually patient-specific ordering 
by the pharmacy given the cost) in advance. Ad-
ditionally, this may subject families to a greater 
number of copayments, adding an additional 
financial burden.

Solutions. 
• Inpatient: The full box is dispensed with the 

same barcode being used for the multiple 
packets. An educational handout (see Supple-
ment S1) was created in conjunction with medi-
cation safety, pharmacy, and nursing leadership 
to provide clear instructions on how to prepare 
individual doses on the floor, and to ensure 
each dose was appropriately scanned prior to 
administration. In addition to the educational 
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handout,  administration  instructions were add-
ed to the medication administration report in 
the electronic medical record (EMR). The inpa-
tient pharmacist was in close contact with the 
pharmacy inventory team regarding discharge 
plans to ensure adequate supply of drug without 
over-purchasing. Use of the product is strictly 
limited, and there have not been multiple cases 
of patients needing treatment simultaneously 
because of the complexities of the medication 
and medication safety concerns.7 If the need 
were to arise, continuing with an individual sup-
ply (1 box per patient) at this time is anticipated.

• Ambulatory: When able and appropriate, change 
prescription of maintenance medications to a 
90-day supply and an 88-day supply for posacon-
azole DR oral suspension (assuming ongoing 
clinical need). Have families call for a refill when 
opening the final box of posaconazole DR sus-
pension (essentially 8 days before the supply is 
exhausted) to allow adequate time for refill, and 
as an easy way for families to remember to call.

Preparation and Stability
The product must be prepared by the family/

caregiver prior to each dose and expires 1-hour after 
preparation. Additionally, the preparation is multistep 
and requires first measuring the correct amount of 
diluent, then mixing it with the full powder packet, and 
finally measuring the appropriate patient-specific dose 
(2 syringes, 1 mixing cup required in addition to the ac-
tive medication and diluent).8

Challenges. 
• Inpatient: The short stability of the medication 

makes it nearly impossible for the medication to 
be prepared in the inpatient pharmacy, delivered 
to the floor, and given to the nurse to administer 
without any delays, which would elapse the 
beyond-use time.

• Ambulatory: A parent/guardian could not make 
premeasured doses if the patient were to be 
cared for by another family member or friend. 
This means the trained family member would not 
be able to miss any dosing time for the patient, 
education would need to extend to multiple family 
members/friends, or the patient would be at risk 
of missing a dose.

Solutions. 
• Inpatient: Education sheets were created for 

nursing (Supplement S1), and the inpatient clinical 
pharmacist checked in daily to ensure there was 
no confusion or questions about the preparation 
or administration process (facilitated by nursing in 
this unique situation only). Comments were also 
placed in the EMR and dose labels about review-
ing these instructions (completed by the verifying 
inpatient pharmacist).

• Ambulatory: The manufacturer provides a detailed 
education sheet for families, but it is multiple 
pages and includes 15 steps, which can be quite 
overwhelming. A simplified, patient-specific 
education sheet for families was created and the 
education process started with the first dose, 
to ensure families felt confident preparing and 
administering the correct dose (Supplement S2). 
Families were observed by nursing and the 
inpatient pharmacist prior to discharge to “self-
lead” the preparation and administration and 
were asked about the need for additional family 
member education. How many family members 
were taught was left up to the family, but all were 
counseled on the importance of adherence and 
not missing doses.

The product comes with its own syringes for admin-
istration, specified by color; unfortunately, they are 
not compatible with nasogastric (NG) tubes or ENFit 
(Multiple manufacturers)) feeding tubes.

Challenges. 
• Inpatient: For patients requiring feeding tube 

administration, the posaconazole DR suspen-
sion is not an option at this time because only 
the manufacturer-provided notched tip syringes 
should be used when administering the product. 
Additionally, incompatibility with ENFit syringes/
feeding tubes poses a safety risk for route of ad-
ministration. Color vision–deficient staff need to 
differentiate syringes by size and cannot rely on 
the manufacturer’s directions, which uses colors 
specifically.

• Ambulatory: If families are color vision–deficient, 
manufacturer directions may be confusing, and 
alternative education would be needed to ensure 
proper preparation. Patients with NG tubes need 
alternative formulations.

Solutions.  Education sheets (see Supplements S1 
and S2) that are not reliant on colors alone, but also 
clearly relate colors to syringe size, were created for 
nursing and families. For patients with feeding tubes, 
the use of crushed posaconazole DR tablets is pre-
ferred owing to incompatibility of manufacturer sy-
ringes and ENFit system; institutional directions (see 
Supplement S2) have been created for families and 
caregivers on how to do this. Therapeutic drug moni-
toring is used to ensure adequate dosing.

Product Differences
The IV formulation, DR tablets, IR suspension, and 

DR suspension are not 1:1 dosing conversions. While 
IR suspension was removed from the market in 2024, 
orders for the product may still exist in the EMR and 
cause confusion.

Challenges.  When patients are transitioning be-
tween products (IV to oral or oral to NG tube), spe-
cial attention to detail is required. Both suspension 
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formulations are now hidden in the EMR so that only 
pharmacists are able to place orders—to prevent con-
fusion for providers during switching. Patient safety 
events may occur during feeding tube placement and 
the formulation is switched 1:1 to liquid IR suspension 
from DR tablets.

Solutions.  In conjunction with this, alerts were 
added to the EMR when ordering posaconazole, and 
pharmacist education (in the form of a clinical pearl 
presentation and internal guidance document for fur-
ther reference) was provided to assist in ordering the 
right dose/conversion.

Insurance
Challenges.  Because the DR suspension is now 

preferred for pediatric patients, there have been in-
stances where insurance companies specifically pre-
fer the DR suspension product. There have also been 
instances where insurance-preferred pharmacies are 
not able to order the product, and on 1 occasion the 
insurance strictly preferred the DR suspension but 
would only allow the family to fill the prescription at a 
pharmacy that was unable to order the product.

Solutions.  Early ambulatory prescribing of any 
posaconazole prescription is recommended (e.g., 
sending prescriptions as soon as it is known that a pa-
tient may require therapy) to allow for prior authoriza-
tions and peer to peer, time to order the product, and 
adequate education for all involved. Historically, most 
patients requiring any formulation of posaconazole 
require a minimum of a prior authorization. Several 
have required significant advocacy in order to receive 
the medication, with more than a week to receive ap-
proval for the medication, and potentially longer to get 
the product in stock and dispensed. It is an important 
reminder for all pharmacists, because most (if not all) 
patients starting to take posaconazole as an inpatient 
will require continuation in the outpatient setting, and 
thus early preparation is best.

Discussion
In September 2023, the Institute for Safe Medica-

tion Practices (ISMP) issued a safety brief highlight-
ing many of the above concerns.7 ISMP ultimately 
recommended carrying only one of the posaconazole 
suspension formulations to avoid confusion; and 
emphasized that the inability to use ENFit syringes, 
as well as the kit design and supply, and the short 
time frame from preparation to administration all 
pose significant safety and feasibility issues in the 
inpatient setting. ISMP highlights the need to develop 
a plan to operationalize use of the DR suspension 
(from preparation to administration), prevent the risk 
of wrong-route drug administration or dosing errors, 
and provide education to patients/caregivers about 
home preparation and administration.

In summary, while the posaconazole DR suspension 
seems like a promising option for pediatric patients, 
based on trial data, in the real world it falls short. The 
complexities of preparation, product packaging that is 
essentially patient-specific (not friendly for multipatient 
use with no consideration to inpatient administration), 
incompatibility with feeding tubes, and medication 
safety concerns, in combination with concern for dosing 
errors between other formulations, make it essentially 
unusable in the inpatient setting (which translates to 
the outpatient setting). Because of these challenges, 
strong preference has been given to avoid use of the 
DR suspension in pediatric patients. In situations where 
DR suspension cannot be avoided, the above solutions 
provide guidance on safe use and can be adapted to 
your institution and practice.

Importantly, this should be a call for the manufacturer 
(and other drug manufacturers) to consider the high-
lighted issues when developing any medication—these 
are not challenges unique to the pediatric population, 
although these challenges disproportionately affect pe-
diatric patients. Continued changes to the formulation, 
investigation into product compatibility with the ENFit 
system, and future consideration of pediatric patients 
during drug development are encouraged.
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JPPT | Letter to the Editor

CorresPondenCe

Concern for Patient Harm Due to Potentially 
Supratherapeutic Clonidine Dosing Resulting From 
Physiologically Based Pharmacokinetic Modeling

To the Editor—We read with interest the recent pub-
lication by Yellepeddi et al1 describing an innovative 
physiologically based pharmacokinetic (PBPK) model 
for predicting optimal clonidine doses for neonatal 
and pediatric indications. We agree with the authors’ 
assertions regarding the dosing and pharmacokinetic 
challenges of using clonidine to effectively manage 
a variety of neonatal and pediatric disease states in 
which use has become common. Nonetheless, we have 
significant concerns that dosing up to 30 μg/kg/dose 
for neonates and 0.9 mg/day for older children and 
adolescents may cause patient harm if applied broadly.

As noted by the authors, excessive clonidine dos-
ing may result in severe adverse drug events (ADEs), 
including hypotension, bradycardia, and somnolence; 
in younger age groups with unintentional ingestion, re-
spiratory depression, and coma have been reported.2–4 
ADEs are thought to be dose related and have been 
observed in pediatric patients receiving labeled doses 
up to 0.4 mg/day.5 Off-label use occurs frequently, 
potentially confounding ADE risk.

In neonates receiving clonidine for neonatal ab-
stinence or neonatal opioid withdrawal syndromes, 
literature has consistently demonstrated the safety of 
doses up to 24 μg/kg/day divided every 3 to 6 hours, 
and up to 46% of these patients may be managed in 
the outpatient setting.6,7 The PBPK model’s proposal for 
single doses up to 30 μg/kg, roughly 500% of published 
dosing, has not been described in vivo. Investigators 
evaluating toxic clonidine ingestions have proposed 10 
μg/kg or 0.1 mg as the dose thresholds at which patients 
younger than 4 years should receive medical evalua-
tion.2,3 Considering a mean term birthweight of 3.4 kg, 
most term neonates meet both thresholds at the PBPK 
model’s proposed dose.8 Additionally, while Yellepeddi 
et al1 recommend the application of the PBPK model 
to develop clonidine dosing regimens for preterm 
neonates, modification to account for premature renal 
function at specific gestational ages was not further 
described. As gestational age of viability continues 
to decrease, the assumed rates of renal development 
included in the model become less reliable, requir-
ing additional caution. Given that numerous studies 
have demonstrated the effectiveness of clonidine for 
neonatal abstinence and neonatal opioid withdrawal 
syndromes with standard dosing strategies, we ques-
tion the utility of higher dosing and strongly support 

the authors’ statement that prospective confirmation 
of safety and benefit resulting from higher dosing is 
imperative before such use becomes routine.

In older children and adolescents, defined within 
the PBPK model as 6 to 17 years of age, clonidine is 
prescribed for an array of psychiatric indications at a 
usual range of 0.1 to 0.4 mg/day.1,4,9 Inconsistent benefit 
for some conditions validates the authors’ assertion 
that dose escalation may be warranted, but established 
effectiveness for numerous indications challenges the 
suggestion that typical dosing is generally insufficient.9 
Current Centers for Disease Control and Prevention 
growth percentiles estimate a 20 kg mean weight for 
United States children at age 6. At this weight, 0.9 mg/
day dosing corresponds to 15 to 23 μg/kg/dose divided 
2 to 3 times daily. In a 2023 study of toxic clonidine 
ingestions in 70 patients aged 7 to 17 years, Duong  
et al10 reported a median ingested dose of 13 μg/kg 
(IQR, 7–38). Bradycardia, hypotension, or altered mental 
status occurred in 91% of cases. At doses of only 5 to 10 
μg/kg, moderate to severe bradycardia and hypoten-
sion occurred in 26% and 29% of patients, respectively, 
challenging the tolerability of PBPK-proposed doses.

The PBPK model represents an innovative approach 
to ontogenic pharmacokinetics and warrants further 
application to medications without established optimal 
dosing. Yellepeddi et al1 acknowledge that extrapolating 
target clonidine concentrations from measurements 
of α-2 agonist activity in animal models is a limita-
tion. If concentration-based activity proves similar in 
humans, we question whether maximal α-2 agonism 
is the appropriate target for symptom control rather 
than patient-specific, symptom-based approaches. We 
encourage judicious consideration of patient safety 
in the development of clinical trials evaluating higher 
clonidine-dosing strategies and emphasize that such 
research is necessary before applying the PBPK model 
to clinical practice.
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AUTHORS RESPONSE: Thank you for the opportunity 
to reply to the recent letter about our paper, “Optimal 
Dosing Recommendations of Clonidine in Pediatrics 
Using Physiologically Based Pharmacokinetic Model-
ing,”1 which was published in The Journal of Pediatric 
Pharmacology and Therapeutics. We appreciate the 
authors’ interest in our work and their efforts to raise 
awareness of the critical problem of clinical translation 
of model-based suggestions. We value the conversa-
tion regarding the possible clinical ramifications of our 

suggested modeling-based dosage strategies and 
recognize how crucial it is to guarantee patient safety. 
Below, each of the issues that were raised in the letter 
has been addressed.

1. Concern Regarding Potentially 
Supratherapeutic Clonidine Dosing  
and Adverse Drug Events

It is acknowledged that clonidine’s adverse effects, 
including hypotension, bradycardia, and sedation, are 
dose-dependent and that pediatric patients may be 
particularly susceptible to these effects. However, we 
believe there may be a misconception regarding the 
intent of our study, as our article explicitly states that 
model-derived dosing recommendations must not be 
applied in clinical settings without validation through 
appropriate clinical data in the target population. The 
primary objective of the study was to demonstrate the 
utility of physiologically based pharmacokinetic (PBPK) 
modeling in characterizing clonidine pharmacokinetics 
across pediatric age groups, thereby providing insights 
that may guide future research and inform dose-optimi-
zation efforts. We stress that our model offers a platform 
for generating hypotheses rather than rapid practical 
application. We agree with your recommendation that 
caution must be exercised before adopting these 
doses widely and reiterate that our model provides a 
framework for guiding research rather than immediate 
clinical application implementing these doses.

2. Neonatal Dosing and Safety 
Considerations

We are aware that newborn opioid withdrawal 
syndrome and neonatal abstinence syndrome have 
been linked to clonidine dosages of up to 24 mcg/kg/
day in recent research.2,3 The 30 mcg/kg dose recom-
mended for neonates in our paper was based on PBPK 
model simulations and resulted in plasma clonidine 
concentrations that are optimal for achieving target 
plasma concentrations for maximal α-2 adrenergic 
activity. This recommendation was not intended to 
be a “single” dose for administration in neonates. We 
want to clarify that our simulations were not used to 
establish a strict dosing schedule but rather to forecast 
exposure matching.

Regarding the safety threshold for medical evaluation 
at 10 mcg/kg or 0.1 mg,4 we agree that caution is war-
ranted. As we indicated in the discussion section, the 
availability of clonidine pharmacokinetic data in preterm 
newborns is necessary to guarantee the accuracy of 
model predictions when using our PBPK model for 
these patients. In the discussion section, we also stated 
that, depending on the gestational age of the preterm 
neonates, our PBPK model can be extrapolated to them. 
However, we did not go into greater detail about how to 
extrapolate our model to preterm infants because that 
was outside the purview of the manuscript.
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3. Older Children and Adolescents:  
Risk of Toxicity

The authors of the letter have valid concerns 
about the 0.9 mg/day dose in older children and 
adolescents. Current dose recommendations range 
from 0.1 to 0.4 mg/day5 as mentioned in their letter. 
Our model, however, showed that these dosages 
might not produce the desired α-2 adrenergic activity 
needed for the best possible treatment outcomes for 
Tourette’s syndrome and attention-deficit/hyperactiv-
ity disorder. We appreciate the reference to Duong 
et al,6 which highlights the risk of bradycardia and 
hypotension at doses as low as 5 to 10 mcg/kg. How-
ever, the findings given may not be applicable to a 
more controlled dosing of clonidine for therapeutic 
purposes because it came from acute clonidine poi-
soning caused by children accidentally consuming 
large quantities of clonidine. Our findings suggest 
that dose-optimization studies are warranted, but 
we emphasize in our manuscript that such recom-
mendations must be verified through rigorous clinical 
studies before implementation.

4. Extrapolation From Animal Studies and 
Clinical Relevance of Target Concentration

Our selection of 40.5 nM as the plasma target con-
centration was derived from animal models,7 and it has 
not yet been established if it can be directly applied to 
pediatric patients. Nevertheless, using PBPK modeling 
to define exposure-response relationships is a well-
established approach in pediatric pharmacology.8,9 
Our results provide an initial estimate that should be 
validated through exposure-response studies in clinical 
settings. We concur that in dose-optimization trials, a 
symptom-based strategy is still essential.

5. Clinical Implementation and Need for 
Prospective Trials

We completely concur with the authors’ concerns 
and reiterate the fundamental principle that model-
based predictions need thorough verification before 
clinical implementation, even though they are useful 
for developing hypotheses and designing studies. Our 
manuscript makes it very evident that the PBPK model 
is not a final clinical recommendation but rather an 
evidence-based basis for additional research and not 
a definitive clinical guideline. Before applying model 
predictions, real-world verification through prospective 
pharmacokinetic or pharmacodynamic investigations is 
crucial, as mentioned in previous PBPK-based pediatric 
dose-optimization studies.10–12

Conclusion
We appreciate this conversation as a chance to 

emphasize how crucial it is to understand model-
based results carefully and validate them appropri-

ately in pediatric pharmacotherapy. Thank you for 
the authors’ engagement, and we look forward to 
continued dialogue on the responsible application 
of pharmacokinetic modeling and more discussions 
about the appropriate use of pharmacokinetic model-
ing in clinical judgment.
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