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Summary

Pyloric stenosis (PS) is one of the most common surgical conditions affecting

neonates and young infants. The definitive treatment for PS is surgical

pyloromyotomy, either open or laparoscopic. However, surgical intervention

should never be considered urgent or emergent. More importantly, emergent

medical intervention may be required to correct intravascular volume deple-

tion and electrolyte disturbances. Given advancements in surgical and periop-

erative care, morbidity and mortality from PS should be limited. However,

either may occur related to poor preoperative resuscitation, anesthetic

management difficulties, or postoperative complications. The following

manuscript reviews the current evidence-based medicine regarding the periop-

erative care of infants with PS with focus on the preoperative assessment and

correction of metabolic abnormalities, intraoperative care including airway

management (particularly debate related to rapid sequence intubation), main-

tenance anesthetic techniques, and techniques for postoperative pain manage-

ment. Additionally, reports of applications of regional anesthesia for either

postoperative pain control or as an alternative to general anesthesia are dis-

cussed. Management recommendations are provided whenever possible.

Introduction

Pyloric stenosis (PS) is one of the most common surgical

conditions affecting infants with an incidence of 0.9–5.1
per 1000 live births (1–4). Although the underlying

etiology remains unclear, it has been well established

that PS arises from a polygenic mode of inheritance with

modification by several environmental factors (5). PS

occurs 4–5 times more commonly in male infants and

there is a general decline in incidence with increasing

birth order, rather than the previously cited increased

incidence in the first-born child (6). The incidence is

reportedly less common in African-American or Asian

ethnic groups than Caucasians in the United States (7).

Presentation typically occurs at an average of 5 weeks

of age (8). The primary symptom of PS is progressively

worsening projectile vomiting. At times, the infant has a

ravenous appetite even immediately after vomiting, but

progressive deterioration in the clinical status with dehy-

dration eventually results in poor feeding. The primary

pathological cause is gastric outlet obstruction. The

obstruction is at the level of the pylorus and the vomitus

does not contain the usual alkaline secretions of the

small intestine. Persistent vomiting results in a loss of

gastric juices rich in hydrogen and chloride ions and, to

a lesser extent, sodium and potassium ions, causing

hypochloremia, hypokalemia, and metabolic alkalosis.

The classic diagnostic finding is the palpation of an

olive-sized mass in the upper abdomen, but an ‘olive’

can be palpated during examination in only 48% of

patients on admission (9). The diagnosis is usually con-

firmed by radiographic study, with ultrasound replacing

fluoroscopic upper gastrointestinal barium contrast

examination. Ultrasound has also become a substitute

for physical examination and may be responsible for

recent reports of earlier diagnosis. Accuracy of ultra-

sonography approaches 100% in experienced hands

with 99.5% sensitivity and 100% specificity.

Hirschsprung is credited with authoring the first

manuscript regarding PS. In 1888, he reported the death

of two infants who had hypertrophied pyloric muscles

on postmortem examination (10). Initial medical
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treatments were aimed mainly at releasing the pyloric

spasm, including the use of gastric lavage, the adminis-

tration of various anti-spasmodic medications, and diet-

ary measures. Since the end of the 19th century, surgical

interventions have been used to bypass or relieve the

obstruction. The open pyloromyotomy, which is an

extramucosal longitudinal pyloromyotomy, was first

performed by Ramstedt in 1911. Ramstedt pyloromy-

otomy became the standard treatment of this condition

and has been performed for decades as on open proce-

dure via a right upper quadrant transverse incision or

circumumbilical incision. More recently, laparoscopic

pyloromyotomy (LAP), first described in 1990, has been

gaining popularity (11). However, controversy remains

regarding the advantages and disadvantages of the two

surgical approaches, specifically regarding the relative

incidence of duodenal perforation and incomplete

pyloromyotomy.

Pyloromyotomy for PS is not an emergent procedure,

as these patients do not require immediate surgical

intervention. Death from PS should generally not occur,

but may result from poor preoperative resuscita-

tion, from anesthetic difficulties, or from sepsis due to

unrecognized duodenal perforation. The operative mor-

tality rate has declined significantly from as high as 10%

during the first half of the 20th century to close to zero

in specialized pediatric centers (12,13). Atwell et al. (13)

reported no mortality in a review of 566 cases from spe-

cialized pediatric centers compared to a mortality risk of

0.7% from 459 cases in nonspecialist centers. The fol-

lowing manuscript reviews the perioperative preparation

and care of patients requiring surgical intervention for

PS. The literature review included a Medline search last

updated in June 2015 using PubMed. The following

search terms were used: PS, pyloromyotomy, and anes-

thesia. The search was limited to human studies in Eng-

lish. The hierarchy of evidence from the Centre for

Evidence-Based Medicine was applied using levels of

evidence for treatment and prognosis. In addition, the

authors searched the reference lists of published studies

for further potential articles. A published systematic

review was also examined for references. Preoperative

preparation is discussed, options for anesthetic induc-

tion and maintenance reviewed, and options for postop-

erative care including pain management are presented.

Although the majority of centers still rely on general

anesthesia, reports regarding the use of regional anes-

thetic techniques are also reviewed.

Preoperative preparation

The classic triad of hypochloremia, hypokalemia, and

metabolic alkalosis that are classically described as the

typical metabolic derangements on presentation of PS is

becoming less frequent, perhaps related to early diagno-

sis by ultrasound. A retrospective analysis of 205

patients diagnosed with PS by ultrasound between 2000

and 2009 revealed hypochloremia in 25%, hypokalemia

in 8%, and alkalosis in 18% (14). The frequency of pro-

found hypochloremia, defined as a serum chloride

<85 M, decreased from more than 25% in the 1985–1989
epoch to <10% in the 2004–2010 epoch (9).

Electrolyte disturbances

The major preoperative consideration remains recogniz-

ing and treating dehydration and electrolyte abnormali-

ties before proceeding with anesthetic care. The majority

of infants respond to therapy within 12–48 h, after

which surgical correction can proceed in a nonemergent

manner. Miozzari reviewed 139 consecutive infants

between 1 and 20 weeks of age who underwent

pyloromyotomy to determine the preoperative fluid

resuscitation requirements (15). The authors described a

functional relationship between chloride administration

and changes in circulating bicarbonate, whereby a chlo-

ride dose of approximately 10 mmol�kg�1 reduced

plasma bicarbonate an average of 3 mM (15). As lac-

tated Ringer’s has 10.9 mmol per 100 ml, the average

patient would require 90–100 ml�kg�1 of fluid to correct

the alkalosis. Normal saline has 15.4 mmol per 100 ml,

requiring 60–70 ml�kg�1 to achieve the same correction.

Typically, anesthesia can be safely performed when the

serum chloride is >100 mEq�l�1 and the infant is void-

ing, indicating adequate volume resuscitation.

Although severe metabolic alkalosis has potentially

life-threatening risks including cardiac arrhythmias, vas-

cular collapse, and seizures, there is limited evidence-

based medicine to provide insight into what level of

alkalosis is acceptable prior to proceeding with anes-

thetic care (16,17). A theoretical concern in the infant

with alkalosis is the potential effect on central control of

ventilation and respiratory drive. Control of ventilation

is primarily dependent on the partial pressure of carbon

dioxide (PaCO2) and secondarily the partial pressure of

oxygen in the blood (PaO2) (18). PaCO2 impacts minute

ventilation through a secondary mechanism by altering

the hydrogen ion concentration or pH in the cere-

brospinal fluid while the impact of PaO2 results from a

peripheral effect on chemoreceptors in the aorta and

carotid artery (19,20). While a decrease in PaO2 gener-

ally stimulates minute ventilation, there is a paradoxical

effect in neonates and infants with depressed central

control of ventilation with hypoxemia (21,22). There-

fore, particularly in the neonatal and infant population,

the primary stimulus for ventilation remains PaCO2
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and, hence, the pH of the CSF. As such, metabolic alka-

losis may have a significant impact on respiratory func-

tion especially during the perioperative period in a

neonate or infant. Abreu et al. (23) reported the

polysomnographic findings of five infants with PS who

presented with serum bicarbonate levels between 29.3

and 40.6 mM (base excess of 6.6–21.6 mM). Two of the

five infants demonstrated central apnea and four of the

five infants had episodes of obstructive sleep apnea. All

polysomnograms were normal when assessed at the

postoperative visit. Andropoulos et al. reported postop-

erative apnea in four term infants following pyloromy-

otomy, one of whom had preoperative apnea attributed

to preexisting metabolic alkalosis. This patient received

preoperative and postoperative caffeine citrate, but

polysomnography was not performed (24). Given these

concerns, correction of alkalosis (serum bicarbonate

<30 mEq�l�1) is generally indicated prior to pyloromy-

otomy.

Neonatal anesthesia concerns

Other preoperative concerns are generally those issues

faced by anesthetic providers when anesthetizing an

infant. Associated comorbid conditions, other than elec-

trolyte disturbances and dehydration already discussed,

are uncommon in this population, as are associated con-

genital anomalies. The need for additional investigation

is limited unless other concerns are raised during the

preoperative anesthetic evaluation. The majority of

infants with PS are born at term (≥ 37 weeks gestation),

but those infants <44 weeks postgestational age should

receive appropriate monitoring for postoperative apnea

(25). For preterm infants, the window requiring moni-

toring may be even more prolonged and the practitioner

should adhere to individual institutional guidelines

(26,27). One of the risk factors associated with an

increased incidence of postoperative apnea is a hemoglo-

bin <10 gm�dl�1 (25–27). There is no evidence-based

Table 1 Summary of perioperative care for pyloric stenosisa

Preoperative care

1 The gastric fluid volumes were independent of a history of barium study, preoperative nasogastric suction, and fasting interval (28) (2b)

2 Preoperative decompression of the stomach by a nasogastric tube does not guarantee evacuation of gastric fluid (28) (2b)

3 Correction of electrolyte disturbances should target a serum chloride >100 mEq�l�1 and serum HCO3� < 30 mEq�l�1 (5)

Intraoperative care

1 Aspiration of gastric contents by insertion of a large (e.g. 14 French), multiorifice orogastric catheter prior to the induction of anesthesia is

warranted for avoiding aspiration of gastric fluid (5).

2 Atropine may be administered prior to endotracheal intubation in neonates to prevent reflex bradycardia during laryngoscopy (5).

3 Awake endotracheal intubation is not superior to rapid sequence intubation (RSI) or modified RSI (41) (2b).

4 Classic RSI including cricoid pressure is controversial and there is little to no evidence-based medicine supporting the role of that in prevent-

ing gastric aspiration (47,48) (3b).

5 Inhalation induction may be safe in children undergoing pyloromytomy (51) (4).

6 Succinylcholine continues to be employed because of its rapid onset and short duration of action (63,64) (2a).

7 A small dose of rocuronium (0.3–0.45 mg�kg�1) can achieve neuromuscular blockade, a shorter duration, but the onset of neuromuscular

blockade may be delayed (67,68) (2b).

8 Desflurane has shorter recovery times (first movement, tracheal extubation, etc.) compared with sevoflurane (82) or isoflurane (81) (2b).

9 Desflurane or sevoflurane is better in terms of the risk of postoperative apnea than isoflurane (81,82) (2b).

10 Nitrous oxide has the potential for the expansion of bowel gas. Its use should be limited especially during laparoscopic procedures (5).

11 Postoperative analgesia can generally be achieved with a combination of infiltration of the surgical site with a local anesthetic agent and

the use of a nonopioid agents such as acetaminophen or a nonsteroidal anti-inflammatory agent (4).

12 During laparoscopic procedures, the intra-abdominal pressure should be limited to ≤10 mmHg (135) (2b).

13 There is no strong evidence which shows that regional anesthesia is superior to general anesthesia for pyloromyotomy.

Postoperative care

1 The majority of patients can be managed with nonopioid analgesic agents and infiltration of the surgical site with a local anesthetic agent

(2a).

2 Regional anesthesia can be employed to provide postoperative analgesia (49,112,113) (2b).

3 Acetaminophen may be a safer analgesic than ketorolac for postoperative pain control (120) (4).

4 Preterm infants <44–60 weeks postgestational age should receive appropriate monitoring for postoperative apnea (25–27) (2a,2b).

5 The risk of postoperative apnea in preterm infants may be increased by anemia (hemoglobin <10 gm�dl�1) (25–27). (2a,2b)

aThe evidence is graded using the following system with the type of evidence listed: (1a) Systematic review with homogeneity of randomized

controlled trials; (1b) individual randomized control trial with a narrow confidence interval; (1c) All or none related outcome; (2a) Systematic

review with homogeneity of cohort studies; (2b) Individual cohort study including low quality randomized control trials; (2c) Outcomes research;

(3a) Systematic case review with homogeneity of case–control studies; (3b) Individual case–control study; (4) Case series, poor quality cohort

and case–control studies; and (5) Expert opinion without explicit critical appraisal.
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medicine to prove that a preoperative hemoglobin evalu-

ation is required, although institutional requirements

vary. Hemoglobin evaluation should be undertaken if

apnea develops or persists in the postoperative period.

Intraoperative care

The full stomach and aspiration risk

Once hypovolemia and electrolyte disturbances have

been corrected, elective pyloromyotomy is scheduled.

Pyloric hypertrophy causes gastric outlet obstruction

and gastric fluid retention which can increase the risk of

aspiration of gastric contents during the induction of

anesthesia. Preoperative decompression of the stomach

is generally provided by placement of a nasogastric tube,

but this does not guarantee evacuation of gastric fluid.

Cook-Sather and colleagues evaluated the gastric fluid

volume in 72 infants with PS (28). For those who had

undergone preoperative nasogastric suction, the naso-

gastric tube was aspirated and removed. After anesthetic

induction, a 14 French multiorifice orogastric catheter

was blindly passed to aspirate gastric fluid for measure-

ment. Gastric fluid volume removed by blind aspiration

averaged 4.8 � 4.3 ml�kg�1 with 83% of patients hav-

ing more than 1.25 ml�kg�1. The large gastric fluid vol-

umes were independent of a history of barium study,

preoperative nasogastric suction, and fasting interval.

Fifteen of the 75 subjects underwent gastroscopy to

measure residual gastric fluid following orogastric suc-

tioning. Although 14 of the 15 patients evaluated by

endoscope had ≤1 ml of residual gastric fluid, one

patient had 7 ml residual volume (1.8 ml�kg�1). Recov-

ery of total gastric fluid volume by blind aspiration aver-

aged 96 � 7%. Given this data, gastric evacuation is

warranted prior to the induction of anesthesia. The

infant should be placed in the lateral decubitus position

and an orogastric tube placed prior to induction. Some

clinicians recommend the administration of a dose of an

anticholinergic agent, such as atropine, prior to this

maneuver because of the increased potential for

parasympathetic responses during stimulation of the

oral or nasopharynx (29–31). No difference has been

noted when comparing the bradycardic response

between use of an oral or nasal gastric tube (32).

Intraoperative monitoring and anticholinergic use

Intraoperative monitoring includes use of standard

American Society of Anesthesiologists’ monitors. Endo-

tracheal intubation/laryngoscopy can cause physiologi-

cal responses such as systemic and pulmonary

hypertension, bradycardia, intracranial hypertension,

and hypoxemia. The bradycardia is largely of vagal ori-

gin and therefore, although there is significant variation

in practices among centers throughout the world, atro-

pine may be administered prior to endotracheal intuba-

tion in neonates if it was not administered prior to

gastric emptying (30,31). However, this practice cannot

be called the standard of care and is not evidence-based.

Anesthetic induction technique

The choice of anesthetic induction technique, including

the benefits of rapid sequence intubation (RSI) and cri-

coid pressure, is controversial (33–37). Given the poten-

tial for residual volumes despite thorough gastric

suctioning and the risk of aspiration of gastric contents,

we would suggest that, whenever feasible, anesthetic

induction should include a modified RSI (38,39).

Although once a common practice, particularly when

barium contrast study was employed in the diagnosis of

PS, awake endotracheal intubation in neonates and

infants has decreased significantly over the years given

the potential harm that may result including soft tissue

injury, bradycardia, breath-holding, laryngospasm, and

even aspiration (40). Cook-Sather et. al. demonstrated

that awake endotracheal intubation had no benefit com-

pared to standard or modified RSI for PS patients (41).

In their prospective, nonrandomized, observational

study of 76 infants with PS, the investigators compared

three methods of endotracheal intubation including

awake intubation with an oxygen-insufflating laryngo-

scope, RSI, or modified RSI including ventilation

through cricoid pressure (41). The percentage of success-

ful endotracheal intubation on the first attempt was

64% for the awake group vs 87% in the two groups who

received a neuromuscular blocking agent (NMBA)

(P = 0.028). Median time to endotracheal intubation

was shorter in the two groups that received a NMBA

when compared to the awake technique (34 s vs 63 s,

P = 0.004). There was no difference in the incidence of

bradycardia, oxygen desaturation, or complications

including bronchial or esophageal intubation, emesis,

and oropharyngeal trauma.

In the neonate, several factors speed the onset of oxy-

gen desaturation during apnea including small airway

closure secondary to a high closing capacity to func-

tional residual capacity relationship and higher oxygen

consumption. As such, neonates and infants may not

tolerate even brief periods of apnea with clinically signif-

icant oxygen desaturation despite effective preoxygena-

tion prior to the onset of neuromuscular blockade

(42,43). These processes generally make performance of

classical RSI (no bag-valve-mask ventilation) more diffi-

cult, thereby leading many clinicians to use a modified
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approach with gentle bag-valve-mask ventilation prior

to the onset of full neuromuscular blockade. As with

many airway management techniques in our practice,

there are practitioner-dependent modifications of RSI

techniques (44). Especially in the neonate and infant,

correct application of cricoid pressure (site and pressure)

may be difficult, while inappropriate use of cricoid pres-

sure may lead to increased difficulties with both bag-

valve-mask ventilation and endotracheal intubation

(37,45,46).

Given these concerns, some authors have suggested

alternative RSI techniques while others have suggested

that RSI has no place in the practice of pediatric anes-

thesia (34,47,48). A controlled RSI technique defined as

bag-valve-mask ventilation with peak inflating pressure

<10–12 cmH2O, avoidance of cricoid pressure, and the

use of a nondepolarizing NMBA has been offered as an

alternative technique for emergency endotracheal intu-

bation in pediatric patients (47). Neuheus et al. con-

ducted a retrospective review of 1001 pediatric patients

undergoing controlled RSI that included 64 infants of

whom 30 were neonates. In these patients, oxygen desat-

uration before endotracheal intubation occurred in four

patients or 6.3% of the study cohort (47). However,

none of the four patients developed bradycardia or

hypotension. The authors concluded that, when com-

pared with the classical RSI, there were fewer episodes

of hypoxemia, no bradycardia, and improved conditions

for endotracheal intubation with controlled RSI.

Despite its continued widespread use in the practice of

anesthesia, there is little to no evidence-based medicine

supporting the role of classic RSI in preventing gastric

aspiration (see below) (48).

Use of inhalation induction

While the majority of patients present with preexisting

intravenous access, the anesthesia provider may occa-

sionally be presented with a patient without such access

or in whom awake vascular access is challenging.

Although the awake placement of an intraosseous nee-

dle or ultrasound-guided peripheral or central venous

access may be considered, several authors have reported

the successful inhalation induction of general anesthesia

with intravenous cannulation after anesthetic induction

(49,50). Scrimgeour et al. retrospectively reviewed the

inhalation induction of anesthesia in patients presenting

for pyloromyotomy during an 8-year period from 2005

to 2012. Of the 269 patients, 252 patients underwent

inhalation induction, while 17 patients received intra-

venous induction (51). All of the infants came to the

operating room with a nasogastric tube and intravenous

access in place. Following aspiration of the nasogastric

tube to empty the stomach, anesthesia was induced with

sevoflurane in oxygen � nitrous oxide. The authors

reported no aspiration events. Although the investiga-

tors concluded that the inhalation induction is safe in

children undergoing pyloromytomy, they cautioned that

the aspiration of gastric contents during induction is

extremely rare in pediatric anesthesia and that further

study is needed to demonstrate that inhalation induction

is superior to modified RS in patients with existing intra-

venous access.

The other concern with inhalation induction, espe-

cially in the absence of intravenous access, is the poten-

tial for hemodynamic instability. Although inhalation

induction in the setting of hypovolemia can result in

hemodynamic instability, this is less common with

sevoflurane, which has replaced halothane in the major-

ity of operating rooms throughout the world (52). Oral

or intramuscular atropine should be considered to

reduce the parasympathetic response to gastric emptying

with NG placement, support hemodynamic status, and

decrease airway complications during inhalation

induction in this population (53,54). Another useful

safeguard is the ready availability of an intraosseous

needle (55–57). Its use has been described for both elec-

tive and emergent use when attempts at peripheral

access fail.

Medications for intravenous anesthetic induction

When intravenous induction is chosen, careful selection

of both the sedative agent and the NMBA may improve

the chances of successful intubation with limited mor-

bidity. Vomiting and the resultant gastric aspiration are

often related to an inadequate depth of anesthesia and

insufficient neuromuscular blockade during induction

and endotracheal intubation (58). As such, the use of a

rapidly acting NMBA and effective sedative/analgesic

agents is required prior to the initiation of laryngoscopy

and endotracheal intubation. For classical RSI, the tra-

ditional agent for neuromuscular blockade has been suc-

cinylcholine. Although the potential adverse effects

include acute rhabdomyolysis, hyperkalemia, arrhyth-

mias, and cardiac arrest with undiagnosed skeletal mus-

cle myopathy or other comorbid conditions, the relative

incidence of such problems is minimal in neonates and

young infants (59–62). Per discussion with experts from

the North American MH Registry of MHAUS, the

youngest patient reported in the literature who devel-

oped rhabdomyolysis and hyperkalemia following the

administration of succinylcholine was a 4-month-old

infant. Succinylcholine continues to be employed

because of its rapid onset and short duration of action.

Ghazal et al. (63) retrospectively reviewed the use of
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either succinylcholine or rocuronium during LAP in 246

infants. The infants received propofol for anesthetic

induction, sevoflurane for maintenance, no intraopera-

tive opioids, and either rocuronium or succinylcholine

to facilitate endotracheal intubation. The primary out-

come measure was time to transport after the end of sur-

gery, which was used as a measure of recovery from

anesthesia and neuromuscular blockade. Time to trans-

port in minutes (median, interquartile range) was 13

(7–21) in patients receiving only succinylcholine com-

pared to 18 (11–24) in those receiving only rocuronium

(P = 0.03). In addition, the conditions for endotracheal

intubation conditions may be better with succinylcholine

when compared to 0.6–0.7 mg�kg�1 of rocuronium

(64). Although larger doses of rocuronium (up to

1.2 mg�kg�1) have been recommended to improve

the conditions for endotracheal intubation, a signifi-

cantly prolonged effect can be expected especially

in neonates and infants given the immaturity of the

hepatic microsomal enzyme systems (65,66). If rocuro-

nium is used for neuromuscular blockade, a shorter

duration can be achieved with the use of a lower dose

(0.3–0.45 mg�kg�1), with the understanding that the

onset of neuromuscular blockade may be somewhat

delayed (67,68). The use of controlled RSI would mini-

mize this concern. Alternatively, the availability of sug-

ammadex may mitigate the concerns and clinical impact

of the prolonged duration of action of rocuronium.

Although there are limited data, simulations indicates

that sugammadex has faster reversal times for rocuro-

nium in this population compared with adults (69).

Plaud et al. (70) evaluated the time to train-of-four

(TOF) ≥0.9 after sugammadex (2 mg�kg�1) administra-

tion. A TOF ≥ 0.9 was achieved in 0.6, 1.2, 1.1, and

1.2 min in infants (28 days to 23 months old), children

(aged 2 years), adolescents (aged 12–17 years), and

adults (aged 18–65 years), respectively. Although RSI

without the use of a NMBA using a combination of

propofol and remifentanil has been described in older

children and adults, there is potential for hypotension

and there is no literature to demonstrate the safety of

this technique in neonates and infants (71,72).

During intravenous induction of anesthesia, the other

decision in addition to choice of a NMBA revolves

around the choice of the sedative/hypnotic agent. Given

the lack of availability of thiopental in the United

States, propofol has become the favored agent for intra-

venous induction. The limited data in the infant popula-

tion suggest that propofol may be a preferred agent for

induction with a more rapid awakening and fewer post-

operative respiratory adverse effects (73). In a cohort of

59 infants, 30 were 1–6 months of age and 29 were

7–12 months of age, anesthesia was induced with either

propofol (3 mg�kg�1) or thiopental (5 mg�kg�1) and

then maintained with halothane. Neuromuscular block-

ade was achieved with succinylcholine. There was more

rapid recovery (5.5 � 2.5 vs 10.2 � 1.4 min in the

infants 1–6 months of age) and fewer postoperative

complications with propofol. Four patients in the

thiopental group experienced problems, including three

with postextubation airway obstruction and oxygen

desaturation and one with prolonged awakening, while

no patients in the propofol group exhibited adverse

postoperative events. However, there was no difference

in recovery and discharge times. When used as the sole

agent, the induction dose of propofol in infants is

greater than older children and adolescents (74–76). The
propofol dose (ED50) needed for satisfactory induction

of anesthesia as judged by loss of the lid reflex in 22

infants, ranging in age from 1 to 6 months of age, was

3.0 � 0.2 vs 2.4 � 0.1 mg�kg�1 in children ranging in

age from 10 to 16 years (74). Pain on injection occurred

in 50% of the infants and 18% of the children. The

major concern with such doses in this population is the

potential for hemodynamic depression with reports of

hypotension in 30–40% of neonates and infants (77,78).

Although there are limited data in this population, keta-

mine (2 mg�kg�1) has been shown to be a safe and effec-

tive agent with limited effects on hemodynamic function

even in infants with congenital heart disease (79,80).

Advantages include its hemodyanic stability with main-

tenance of heart rate, blood pressure, and systemic

cardiac output.

Maintenance anesthesia

Following successful endotracheal intubation, mainte-

nance anesthesia is generally provided with a volatile

anesthetic agent. Given the age range, these infants may

be at risk for postoperative apnea, the incidence of which

may be magnified by the effects of metabolic alkalosis on

the central control of ventilation (23,24). Theoretically,

the impact of the metabolic derangement on the central

control of ventilation would persist until there is equili-

bration of the CSF pH with the serum pH. As this pro-

cess may take hours, it is possible that the serum pH and

serum bicarbonate could return to normal and yet there

be a persistent alkalosis within the CSF. Wolf et al. (81)

compared the postoperative recovery effects following

general anesthesia with either desflurane or isoflurane in

20 infants undergoing general anesthesia for pyloromy-

otomy. Following a modified RSI with thiopentone,

atracurium 0.5 mg�kg�1 was administrated, and mechan-

ical ventilation was initiated to normocapnia with either

1 minimal alveolar concentration (MAC) of desflurane

or isoflurane in 100% oxygen without opioids. Recovery
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time in the desflurane group was significantly shorter

than in the isoflurane group with mean times to swallow-

ing (3.89 vs 8.82 min), movement (5.33 vs 10.73 min),

and tracheal extubation (7.5 vs 13.45 min) being shorter

in the desflurane group when compared with the isoflu-

rane group. No apnea was noted in the desflurane group

vs three episodes in the isoflurane group. The same

authors noted no difference when comparing the risk of

apnea with desflurane vs sevoflurane although recovery

times were slightly shorter with desflurane (82).

Intraoperative administration of opioids

Given the concerns regarding postoperative apnea, opi-

oids are generally not included in the perioperative care

of these infants. With limited surgical trauma and the

rapid recovery, postoperative analgesia can generally be

achieved with a combination of infiltration of the surgical

site with a local anesthetic agent and the use of a nonopi-

oid agent such as acetaminophen or a nonsteroidal anti-

inflammatory agent (NSAID) (see below). One opioid

that has been specifically studied in this population is

remifentanil (83–86). In a prospective, randomized trial

comparing maintenance anesthesia with nitrous oxide

combined with either remifentanil or halothane, new

onset postoperative apnea was observed in 3 of 13 (23%)

infants who received halothane group vs none of the 22

who received remifentanil. However, in a subsequent

study, no difference in emergence time or time to tracheal

extubation was noted when comparing remifentanil to

isoflurane (inspired concentration of 0.75%) (87).

Nitrous oxide

Given the rapid recovery from the newer volatile agents

and the potential adverse effect profile of nitrous oxide,

it is generally no longer included as part of the mainte-

nance anesthetic (87,88). While many of the newer con-

cerns regarding nitrous oxide may be theoretical at this

point especially in the pediatric-aged patient, the poten-

tial for the expansion of bowel gas should limit its use

during laparoscopic procedures especially. As such,

either sevoflurane or desflurane are administered in a

mixture of oxygen in air. Even during brief procedures,

the administration of 100% oxygen is not recommended

(89). The inspired oxygen concentration should be

decreased as clinically indicated by pulse oximetry.

Neuromuscular blocking agent for maintenance

anesthesia

If succinylcholine has been used to facilitate endotra-

cheal intubation during anesthetic induction, neuromus-

cular blocking with a short-acting, nondepolarizing

NMBA may be required during open or LAP. Increased

sensitivity to all NMBAs has been demonstrated in neo-

nates and infants when compared to children and adults.

In clinical practice, rocuronium has been used to pro-

vide neuromuscular blockade for brief procedures such

as pyloromyotomy. When rocuronium is compared with

other age groups, as a result of decreased hepatic clear-

ance and increased sensitivity of the neuromuscular

junction, its effect is prolonged in neonates (90,91).

Given similar pharmacokinetic properties, vecuronium

should also be considered a long-acting NMBA in this

population (92). On the other hand, atracurium and

cisatracurium show different recovery patterns com-

pared to rocuronium and vecuronium in the infant pop-

ulation, acting more like intermediate-acting agents with

an average clinical duration of action of cisatracurium

(recovery of evoked response to 25% of control) of

approximately 40 min (93–95). As only brief surgical

relaxation is usually required, the clinical duration can

be further shortened by the administration of a smaller

dose (cisatracurium 0.075–0.1 mg�kg�1). Neuromuscu-

lar blockade should be reversed at the termination of the

procedure.

Regional anesthesia instead of general anesthesia

Although pyloromyotomy is most commonly per-

formed under general anesthesia with endotracheal

intubation, there are case series describing the use of

regional blockade including spinal anesthesia, tho-

racic epidural anesthesia, and caudal epidural block

as the primary anesthetic technique with avoidance

of endotracheal intubation. Kachko et al. (96) retro-

spectively compared spinal anesthesia with general

anesthesia in 60 infants undergoing open pyloromy-

otomy primarily assessing the anesthesia time. Gen-

eral anesthesia (n = 36) included RSI following

atropine, propofol, and succinylcholine. Maintenance

anesthesia included 1 MAC isoflurane with atracur-

ium for neuromuscular blockade. Spinal anesthesia

(n = 24) was provided by administrating 0.7–
0.8 mg�kg�1 of 0.5% isobaric bupivacaine without

epinephrine. Intravenous midazolam was administered

if the infant was crying or restless despite adequate

spinal anesthesia. In the spinal group, one dose of

midazolam was needed in 25% of patients due to

agitation, but none of the patients required conver-

sion to general anesthesia because of inadequate

block or its complications. Total operating room

time (50.9 vs 69.5 min) and emergence time (3.6 vs

17.2 min) were significantly shorter with spinal anes-

thesia compared with general anesthesia.
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Similar results were reported by Somri et al. (97)

using spinal anesthesia (0.8 mg�kg�1 of 0.5% isobaric

bupivacaine) as an alternative to general anesthesia in

23 premature and full-term infants during open

pyloromytomy. Intraoperatively, there were no clinically

significant changes in respiratory rate, heart rate, blood

pressure, and oxygen saturation following spinal anes-

thesia. Five of the patients (22%) required intraopera-

tive doses of intravenous propofol (0.5–1 mg�kg�1) to

provide optimal intraoperative surgical conditions.

Lumbar puncture was unsuccessful in two of the 23

patients (8%).

Even somewhat more intriguing is a report regarding

the use of spinal anesthesia during LAP. Given the

impact of abdominal insufflation with carbon dioxide

and the increase in intra-abdominal pressure on respira-

tory mechanics, endotracheal intubation with general

anesthesia and controlled ventilation are generally

required during such procedures (98). Islam et al. (99)

retrospectively reviewed their experience with spinal

anesthesia for LAP in 12 infants and compared it to 12

infants receiving general anesthesia. Although, no differ-

ence was noted in induction times, the interval time from

the termination of surgery to operating room exit was

significantly shorter for the spinal group than general

anesthesia group (14 vs 28 min, P < 0.001). Although

there were no complications in spinal anesthesia group,

3 of the 12 cases (25%) had to be converted to general

anesthesia due to inability to access the intrathecal space

in two and inadequate block in one.

Two different reports outline the use of single shot

epidural anesthesia instead of general anesthesia dur-

ing open pyloromyotomy (100,101). The first of these

used thoracic epidural anesthesia in 20 infants (100).

After sedation with nalbuphine and propofol, ultra-

sound-guided, single-shot epidural anesthesia was per-

formed at T10-11 with 0.75 ml�kg�1 of 0.475%

ropivacaine. Although the surgical procedure could be

performed under single-shot thoracic epidural anesthe-

sia and sedation, oxygen desaturation to 92%

occurred in one patient which required assisted posi-

tive pressure ventilation via face mask. The largest

report of regional anesthesia to date is a retrospective

review detailing the use of caudal epidural block in

232 infants presenting for pyloromyotomy (101). The

authors reported a success rate of 96% with a shorter

hospital stay and faster return to oral feedings than

patients who received general anesthesia. Complica-

tions secondary to the caudal administration of bupi-

vacaine occurred in three patients including

respiratory depression, bradycardia, and ventricular

extrasystoles (1.3%). Of note, the author’s dose of

bupivacaine exceeded those that are routinely recom-

mended to avoid local anesthetic toxicity (bupivacaine

4 mg�kg�1).

Both spinal and single-shot epidural anesthesia (tho-

racic or caudal) have been anecdotally reported as an

alternative to general anesthesia for pyloromyotomy. Of

particular note is that one of the reports using spinal

anesthesia was performed in patients undergoing LAP.

Although these regional anesthetic techniques have been

anecdotally proven to be safe and effective, they have

not been thoroughly evaluated with strict evidence-

based medicine protocols. Although the series were

large, they come from centers with significant experience

in regional anesthesia. With the two reports of epidural

techniques, the doses of bupivacaine administered (3.6

and 4 mg�kg�1) approach or exceed the upper recom-

mended dosing limit. If these techniques are considered,

they should only be practiced by those with significant

experience with regional anesthesia in neonates and

infants with careful attention to dosing of the local anes-

thetic agent.

Animal models have revealed that exposure to a

variety of general anesthetic agents cause central

neuroapoptosis resulting in long-term developmental

problems (102–106). In humans, some studies have sug-

gested that exposure to general anesthetic agents, partic-

ularly during the neonatal period, may result in

cognitive delay later in life (107–109). Walker et al.

(110) reported on the developmental outcome in 52

infants treated for PS. At 1 year of age, the infants

underwent developmental assessment and were com-

pared to 211 control infants. PS infants performed

worse than controls on cognitive, receptive language,

fine motor, and gross motor skill scales. The authors

advocated future studies to explore alternatives to gen-

eral anesthesia including spinal, epidural, or regional

techniques to ameliorate the potential effects of general

anesthesia on neurodevelopmental outcome. Although

these regional anesthetic techniques have been used suc-

cessfully, it should be noted that the use of sedative and/

or hypnotic agents was required in the majority of

patients. Therefore, exposure to potentially neurotoxic

agents has not been eliminated. Future investigation

should focus on regional techniques and the use of

agents that are not associated with neuroapoptosis, such

as remifentanil and dexmedetomidine.

Postoperative analgesia

Effective postoperative analgesia remains an integral

component of anesthetic management. The majority of

patients can be managed with nonopioid analgesic

agents and infiltration of the surgical site with a local

anesthetic agent (111). Alternatively, regional anesthesia
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can be employed to provide postoperative analgesia.

While higher concentrations of bupivacaine are required

for surgical anesthesia, a lower concentration (0.125%)

can be used to provide effective postoperative analgesia

as an adjunct to general anesthesia. Given the upper

abdominal incision, a larger volume of local anesthetic

may be required to achieve effective dermatomal spread.

In our experience, volumes of 1.5 ml�kg�1 of 0.125%

bupivacaine administered via the caudal epidural route

can be used for postoperative analgesia following gen-

eral anesthesia. Breschan et al. (49) reported the use of

ultrasound-guided rectus sheath block for open

pyloromyotomy using 0.3 ml�kg�1 of 0.3% ropivacaine

on both sides during general anesthesia. Two of the 26

infants (7.6%) required a rescue dose of fentanyl intra-

operatively and a rescue dose of an NSAID postopera-

tively while another two infants received an NSAID

postoperatively.

Kumar et al. (112) retrospectively reviewed patients

who underwent supraumbilical pyloromyotomy com-

paring postoperative analgesia between patients receiv-

ing ultrasound-guided, preincisional rectus sheath block

(n = 12) and those receiving wound infiltration with a

local anesthetic agent (n = 18) at the end of the proce-

dure. There were no differences between the groups in

time to first feeding, hospital discharge time, and time to

administration of first analgesic agent after surgery.

Mata-G�omez et al. (113) anecdotally reported the use of

ultrasound-guided paravertebral block for open

pyloromyotomy using 0.25 ml�kg�1 of 0.25% bupiva-

caine in three neonates following pyloromyotomy. None

of the infants required the administration of opioids or

NMBAs. The authors noted hemodynamic stability and

analgesia that allowed for early tracheal extubation after

completion of the surgery.

Although the use of opioid analgesic agents increases

the potential for postoperative respiratory depression, in

common clinical practice their administration continues

intraoperatively. In a survey of the members of the

Association of Pediatric Anesthetists of Great Britain

and Ireland, 30% of respondents reported that they

administered opioids intraoperatively, primarily

fentanyl in an average dose of 2.2 lg�kg�1 (range 0.5–
8 lg�kg�1). Fifty percent prescribed opioids postopera-

tively, usually morphine at an average dose of

60 lg�kg�1 (range: 10–150 lg�kg�1) (114). Habre et al.

(115) examined postoperative analgesia in 72 patients

undergoing pyloromyotomy who received bupivacaine

wound infiltration. Twenty-five percent of the infants

received fentanyl, meperidine, or morphine following

induction. Three patients required naloxone reversal

postoperatively. Leclair et al. (116), comparing laparo-

scopic vs open pyloromyotomy, utilized a standardized

anesthetic protocol that included 20 lg�kg�1 of alfen-

tanil prior to incision.

As an alternative to the use of perioperative opioids

in this population, NSAIDs and acetaminophen are fre-

quently employed as the primary agent for postoperative

analgesia. There are no prospective trials evaluating the

use of NSAIDs in providing analgesia following

pyloromyotomy (117–119). Currently, ketorolac is the

most commonly used intravenous NSAIDs for postop-

erative analgesia in neonates and infants in the United

States (115). Concern has been expressed regarding the

use of ketorolac in young infants due to the potential

effects on renal function and bleeding (120). In a retro-

spective review of 57 infants, ranging in age from 0 to

3 months, 10 of 57 (17.2%) had a bleeding event after

the administration of 0.5 mg�kg�1 of ketorolac and that

risk was significantly increased in infants younger than

21 days of life and <37 weeks corrected gestational age.

Given these data, the use of acetaminophen may be a

safer option. To achieve an analgesic plasma concentra-

tion (10–20 lg�ml�1), the initial per rectum loading dose

of acetaminophen should be 40 mg�kg�1 (121,122).

Although there was significant interpatient variability,

the authors recommended the loading dose be followed

by 20 mg�kg�1 every 6 h to reach analgesic plasma con-

centrations. Additional pharmacokinetic data have been

reported by Anderson et. al. outlining dose regimens

based on gestational age, chronologic age, and acetami-

nophen preparation (123). Alternatively, an intravenous

preparation of acetaminophen has recently been intro-

duced for clinical use in the United States while intra-

venous paracetamol (propacetamol) has been available

for some time in many other countries (124,125). How-

ever, carefully conducted prospective trials demonstrat-

ing the benefits of intravenous acetaminophen in infants

following pyloromyotomy are lacking. Our retrospec-

tive, unpublished data have failed to show a benefit

when comparing intravenous vs rectal acetaminophen in

a study cohort that included 66 infants, 33 of whom

received acetaminophen per rectum vs 33 who received

it intravenously (unpublished data from Arlyne Thung

et al., Nationwide Children’s Hospital, Columbus, Ohio

– presented in abstract form at the Society for Pediatric

Anesthesia Meeting March 2015). In the intravenous

group, 7.6 � 1.8 mg�kg�1 of acetaminophen was

administrated intraoperatively and in the rectal group,

30.2 � 5.5 mg�kg�1 of acetaminophen was adminis-

trated after anesthetic induction. There was no signifi-

cant difference regarding pain (Face, Legs, Activity,

Cry, and Consolability, FLACC) scores, length of

PACU stay, and hospital stay. Except for two patients

in the IV group, all others received wound infiltration of

local anesthetics by surgeons. The average FLACC
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score in PACU of the patients with or without local

anesthesia were 0.35 vs 2.75, respectively. These data

suggest that there is no advantage when comparing

intravenous and rectal acetaminophen and that local

anesthetic infiltration plays an important role in this

population.

Change in surgical technique—minimally invasive

approach

As with other surgical procedures, there has been a

change in surgical practice when performing pyloromy-

otomy, using minimally invasive laparoscopic tech-

niques (11,126) rather than an open procedure.

Although controversy remains as to which procedure is

most effective, the laparoscopic approach may have

some clinical benefit in terms of time to full feeds and

postoperative hospital stay (127–130). The first meta-

analyses (127) comparing laparoscopic and open

pyloromyotomy by Hall et al. indicated the complica-

tion rate was higher in LAP group; however, recent

studies have demonstrated no significant differences in

regard to postoperative complications including incom-

plete pyloromyotomy, perforation, and the need for

re-operation (128–130). However, the results are not the

same across all studies (131). In a prospective, random-

ized trial comparing open and LAP in a cohort of 102

infants with PS, LeClair et al. (116) reported no differ-

ence in the incidence of postoperative vomiting between

the two groups. The overall incidence of complications

was similar, but the duration of surgery and anesthesia

were significantly longer in the laparoscopic group and

there were three cases of incomplete pyloromyotomy

after laparoscopy, requiring a repeat procedure. The

authors concluded that LAP does not decrease the inci-

dence of postoperative vomiting, and has a similar com-

plication rate compared with the open umbilical

approach, but may expose patients to a risk of inade-

quate pyloromyotomy. Furthermore, in their random-

ized control trial, Siddiqui et al. (132) found that the

cosmetic results were significantly better in the laparo-

scopic group.

Lemoine et al. (133) prospectively compared postop-

erative pain in LAP and open transumbilical pyloromy-

otomy (UMBP). Each group had 19 patients with

comparable demographic and no comorbid condition.

After surgery, the patient’s pain was assessed using the

FLACC scale. Postoperative analgesia included aceta-

minophen and if the infant’s pain was not controlled,

opioids were administered. During the postoperative

period, more patients in the UMBP group required acet-

aminophen than in the laparoscopic (LAP) group (78%

vs 53%, P = 0.03). One patient in the UMBP group

required given morphine vs none in the LAP group (5%

vs 0%, P = NS). The authors concluded that UMBP

patients may have more postoperative pain than those

in the LAP group.

With the use of peritoneal insufflation during laparo-

scopy, specific alterations may be required in the anes-

thetic technique. To facilitate port placement, some

degree of neuromuscular blockade is required during the

initial portion of the procedure. However, the surgical

relaxation required is generally not different from that

required for open pyloromyotomy. Recent studies have

shown that pneumoperitoneum techniques can be safely

applied to small infants and neonates (134). Potential

effects of pneumoperitoneum on the respiratory system

include limitation of diaphragmatic motion, decreased

pulmonary compliance and functional residual capacity,

increased airway resistance, resulting in decreased tidal

volume and minute ventilation. Given these concerns, it

is generally recommended that the intra-abdominal

pressure be limited to ≤10 mmHg (135). In addition,

the absorption of CO2 through the peritoneum may

cause hypercapnia. The use of general anesthesia with

endotracheal intubation is generally recommended to

allow ventilator support. Local infiltration and use of

nonopioid analgesics provide postoperative pain relief.

Conclusions

After the initial reports of success by Ramstedt,

pyloromyotomy quickly became the standard treatment

for PS. Over the years, the mortality rate has steadily

declined to the point where mortality from PS should

generally not occur. Although PS still remains a com-

mon surgical condition affecting young infants, it can be

diagnosed earlier related to the use ultrasound. Earlier

diagnosis has led to a reduction in the magnitude of

hypochloremia, hypokalemia, and alkalosis. Preopera-

tive preparation generally includes intravascular resusci-

tation with the knowledge that surgical correction is

generally performed on an elective basis. Anesthesia can

be safely performed when the serum chloride is

>100 mEq�l�1 and the infant is voiding, indicating ade-

quate volume resuscitation.

Given gastric outlet obstruction, there may be a risk

of aspiration during anesthetic induction. Gastric fluid

should be aspirated immediately before anesthetic

induction. The optimal technique for anesthetic induc-

tion has not been proven with evidence-based medicine.

Awake endotracheal intubation is no longer recom-

mended. Induction techniques vary from true RSI using

a sedative and succinylcholine to a controlled RSI,

defined as bag-valve-mask ventilation with peak inflat-

ing pressure <10–12 cmH2O, with or without cricoid
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pressure, and the use of a nondepolarizing NMBA.

Inhalation induction may be also considered in rare

circumstances where intravenous access cannot be

achieved in the awake state. Maintenance of anesthesia

is generally provided with a volatile anesthetic agent,

and sevoflurane or desflurane with the provision of

postoperative monitoring in patient at risk for apnea

related to their gestational and chronological age. The

intraoperative use of opioids increases the risk of post-

operative respiratory depression. Given this, the use of

remifentanil rather than fentanyl has been favored by

some. As the postoperative pain can generally be man-

aged with nonopioid agents and local infiltration of the

surgical site, the use of opioids for rescue analgesia

should be rare. As alternatives to general anesthesia,

regional block including spinal anesthesia, thoracic

epidural anesthesia, and caudal block have been

reported as the primary anesthetic technique with

avoidance of general anesthesia and endotracheal intu-

bation. The reader is referred to Table 1 for a summary

of perioperative care for pyloric stenosis with references

and level of evidence. Recently, minimally invasive sur-

gical approaches (laparoscopy) have been introduced,

although advantages over open techniques have not

been rigorously and uniformly proven in prospective

trials. Future investigation to determine the optimal

induction and airway technique would be useful, but

likely require a multi-institutional effort. Similarly, the

role of regional anesthetic techniques, either as the sole

anesthetic or in conjunction with general anesthesia,

deserves further study.
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