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The most prudent care plan regarding the postanesthesia 
disposition of former preterm infants who are at risk 

for postanesthesia apnea remains a conundrum for pediat-
ric anesthesiologists. The postmenstrual age (PMA) cutoff 
that should trigger admission for postanesthesia monitoring, 
the safe duration of postanesthesia monitoring, and opti-
mal monitors remain unclear. Thirty years ago, Coté et al.1 
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ABSTRACT 
Postmenstrual age (PMA) is the major risk factor for postanesthesia apnea. 
The authors hypothesized that modern anesthesia may reduce the at-risk 
PMA cutoff threshold. The aim of this individual participant data meta-analysis 
was to identify the PMA above which postanesthesia apnea risk is less than 
1%. Individual participant data from 12 prospective studies undergoing open 
inguinal herniorrhaphy were analyzed. A total of 132 of 751 (17.6%) former 
preterm infants experienced postanesthesia apnea. The data indicate that 
the PMA cutoff at which the risk of postanesthesia apnea was approximately 
10%, approximately 5%, and less than 1% was 53 weeks, 57 weeks, and 65 
weeks, respectively, after general anesthesia and approximately 38 weeks, 40 
weeks, and 45 weeks, respectively, after neuraxial anesthesia. Anemia was a 
risk factor only for infants more than 48 weeks PMA. Postanesthesia apnea 
onset was earlier and odds for occurrence were higher for general anesthesia 
without (odds ratio, 6; P = 0.008) and with caudal block (odds ratio, 2.94; P = 
0.012) compared to neuraxial anesthesia. Anesthetic technique has important 
implications; neuraxial anesthesia appears to reduce the at-risk PMA for pos-
tanesthesia apnea compared with general anesthesia.

(Anesthesiology 2026; 144:1442–53)

Postanesthesia Apnea 
in Former Preterm 
Infants for Inguinal 
Herniorrhaphy: An Update 
of Risk Factors from an 
Individual Participant 
Data Meta-analysis
Priti G. Dalal, M.D., Charles J. Coté, M.D.,  
Shobha Malviya, M.D., Tian Qiu, M.B.B.S., M.P.H.,  
Mary Ellen McCann, M.D., Andrew Davidson, M.B.B.S., M.D.,  
Steven Sale, M.B.Ch.B., Choon Looi Bong, M.B.Ch.B., 
Karen Brown, M.D., Vernon M. Chinchilli, Ph.D.,  
for the Society for Pediatric Anesthesia 
Quality and Safety Committee–Apnea Task 
Force Collaborative Group*

Anesthesiology 2026; 144:1442–53

 

This article is accompanied by an editorial on p. 1279. Supplemental Digital Content is available for this article. Direct URL citations appear in the printed text and are available in 
both the HTML and PDF versions of this article. Links to the digital files are provided in the HTML text of this article on the Journal’s Web site (www.anesthesiology.org).

Submitted for publication August 5, 2025. Accepted for publication January 22, 2026. Published online first on March 27, 2026.

Priti G. Dalal, M.D.: Department of Anesthesiology and Perioperative Medicine, Pennsylvania State College of Medicine, Pennsylvania State Health Children’s Hospital, Hershey, 
Pennsylvania.

Charles J. Coté, M.D.: Harvard Medical School, Division of Pediatric Anesthesia, Department of Anesthesia, Critical Care and Pain Management, Massachusetts General Hospital, 
Boston, Massachusetts.

Shobha Malviya, M.D.: Anesthesiology, University of Michigan, Ann Arbor, Michigan.

Tian Qiu, M.B.B.S., M.P.H.: Department of Public Health Sciences, Pennsylvania State University, Hershey, Pennsylvania.

Mary Ellen McCann, M.D.: Harvard Medical School, Department of Anesthesia, Critical Care and Pain, Harvard Medical School, Boston Children’s Hospital, Boston, Massachusetts.

Andrew Davidson, M.B.B.S., M.D.: Melbourne Children’s Trials Centre, Murdoch Children’s Research Institute, Department of Anaesthesia, Royal Children’s Hospital, Parkville, 
Australia.

Steven Sale, M.B.Ch.B., Bristol Royal Hospital for Children, Bristol, United Kingdom.

Choon Looi Bong, M.B.Ch.B.: Kandang Kerbau Women’s and Children’s Hospital, Duke-NUS Medical School, Singapore.

Karen Brown, M.D.: Department of Anesthesia, McGill University Health Center, Montreal, Canada.

Vernon M. Chinchilli, Ph.D.: Department of Public Health Sciences, Pennsylvania State College of Medicine, Hershey, Pennsylvania.

*Members of the Society for Pediatric Anesthesia Quality and Safety Committee–Apnea Task Force Collaborative Group are listed in the appendix.

Copyright © 2026 American Society of Anesthesiologists. All Rights Reserved. Anesthesiology 2026; 144:1442–53. DOI: 10.1097/ALN.0000000000005964

Abbreviations: ASA, American Society of Anesthesiologists; CPAP, continuous positive airway pressure; IPD, individual participant data; PACU, postanes-
thesia care unit; PCA, postconceptual age; PMA, postmenstrual age; SGA, small for gestational age

Copyright © 2026 American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.<zdoi;10.1097/ALN.0000000000005964>

www.anesthesiology.org


	 Anesthesiology 2026; 144:1442–53	 1443Dalal et al.

Admission and Apnea Monitoring in Preterm Infants

performed a combined analysis of original data from eight 
prospective studies and concluded that infants with PMA 
less than 46 weeks were at greatest risk of experiencing pos-
tanesthesia apnea, and that risk did not decrease to less than 
1% until approximately 57 weeks PMA. The limitations of 
that analysis were that the types of postanesthesia moni-
tors used, duration of monitoring, times of first and last 
postanesthesia apnea events, number of events experienced 
by each infant, and rescue interventions to address apneic 
events were unavailable, and all patients were managed with 
general anesthesia using legacy inhalation agents (halo-
thane/isoflurane); none were managed with neuraxial anes-
thesia or with more modern inhalation agents (sevoflurane/
desflurane).

Currently, institutions across the world use heteroge-
neous criteria for admission, monitoring, and discharge 
of former preterm infants after anesthesia. The purpose of 
this analysis is to provide an updated resource for future  
evidence-based recommendations regarding the at-risk 
PMA for postanesthesia apnea, duration of monitoring, 
types of monitoring, and optimal anesthetic technique. The 
rationale for our study was that the introduction of newer 
inhalation agents, expanded use of neuraxial anesthesia, e.g., 
the General Anesthesia Compared to Spinal Anesthesia 
(GAS) study,2 and longer duration of monitoring might 
impact guidance regarding the PMA triggering admission 
for postanesthesia monitoring, i.e., postanesthesia apnea risk 
less than 1%. Our hypothesis was that modern anesthe-
sia (newer drugs and anesthetic practices) may reduce the 
PMA below which infants are at risk.

We previously performed a systematic review and aggre-
gate data meta-analysis of more than 6,000 English language 
published manuscripts retrieved from multiple databases 
(1966 to 2025).3 This analysis revealed a number of risk fac-
tors (metaregressors) that may contribute to an increased 
risk for postanesthesia apnea in former preterm infants. 
We confirmed that the previously recognized PMA4 at the 
time of procedure was the major risk factor but also found 
several new risk factors. Our aggregate data meta-analysis 
enabled us to identify prospective studies with the potential 
for sharing original data to allow an individual participant 
data (IPD) meta-analysis.5,6 Thus, the primary aim of this 
study, with a much larger database than the analysis by Coté 
et al., was to more precisely identify the PMA above which 
the postanesthesia apnea risk was less than 1%. Our second-
ary aims were to identify associated risk factors and optimal 
monitoring methods for this cohort, as well as to shed light 
on the management of full-term infants after anesthesia.

Materials and Methods
Our systematic review and aggregate data meta- 
analysis3 identified 19 studies with appropriate data for an 
IPD meta-analysis.2,7–24 The corresponding/senior authors 
of these studies were contacted to obtain their data. We 
made up to five attempts to contact the authors by email. 

We were unable to establish communication with corre-
sponding authors from four studies. The author of another 
study shared data, but due to loss of contact and inability to 
clarify key words in the data set and its retrospective study 
design, that study was also excluded. Two more studies were 
excluded since the authors shared relevant detailed data 
from their subsequent studies23,24; hence data from these 
subsequent studies were used in our analysis. Thus, detailed 
individual patient information from 12 studies2,7–13,16,17,23,24 
regarding anesthetic technique, time of first and last 
apnea event, and interventions to manage postanesthesia 
apnea events enabled us to perform an IPD meta-analysis 
(Supplemental Digital Content table 1, https://links.lww.
com/ALN/E426).

The acquired data included anesthetic technique, asso-
ciated medications, types of monitoring devices in the pos-
tanesthesia care unit (PACU), continued monitoring after 
PACU discharge, timing of apnea events (especially first 
and last), and rescue interventions. Inclusion criteria were 
prospective, observational studies with an infant population 
(age less than 12 months), open inguinal hernia surgery, 
and postanesthesia apnea as a primary or secondary out-
come variable. A postanesthesia apnea event was defined as 
a respiratory pause lasting 15 s or more or less than 15 s 
if accompanied by bradycardia (heart rate less than 80 or 
greater than 20% decrease from baseline) or desaturation 
(less than 80%). Anemia was defined as a hemoglobin less 
than 10 g/dl. Preterm infants were defined as those infants 
born at gestational age less than 37 weeks. Exclusion crite-
ria were nonhernia surgery, age 12 months or more, infants 
who required preoperative noninvasive or invasive venti-
lation, and non–English language studies. All studies were 
approved by their respective institutional review boards; 
data user agreements with Pennsylvania State University 
(Hershey, Pennsylvania) were obtained as required, and 
all shared data were de-identified. Data from manuscripts 
that reported postconceptual age (PCA) were converted to 
PMA, in adherence to the policy statement of the American 
Academy of Pediatrics (Itasca, Illinois).4 Accordingly, gesta-
tional age was defined as time elapsed (weeks) between the 
first day of the last menstrual period and the day of delivery; 
PMA at time of procedure was defined as the sum of ges-
tational age and time elapsed from birth to the day of the 
procedure (weeks); PMA is approximately 2 weeks longer 
than the PCA. Assignments of small (SGA), appropriate, or 
large for gestational age were made using standard World 
Health Organization (Geneva, Switzerland) charts.25,26

Statistical Analysis

We pursued an IPD meta-analysis5,6 instead of PRISMA 
(Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses) guidelines27 for systematic reviews. Due 
to the extremely low incidence of postanesthesia apnea 
observed in the dataset for full-term infants, this group was 
excluded a priori. Our analysis thus focused only on former 
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preterm infants. Descriptive statistics were computed for 
participant characteristics by apnea status and basic tests 
were applied using two-sample t tests for continuous vari-
ables and Fisher exact tests for categorical variables. We 
used mixed-effects logistic regression models with cluster- 
specific random effects to explore the relationship between 
postanesthesia apnea and various risk factors, since the out-
come variable was binary, and the data were derived from 
12 studies. These models estimated the log odds of a binary 
outcome variable as a linear combination of the risk factors, 
including both fixed and random effects. We conducted 
univariable logistic regression analyses to determine odds 
ratios of 14 potential risk factors (PMA, gestational age, 
birth weight, weight at time of surgery, anesthetic technique 
[neuraxial vs. general anesthesia], inhalational agents, intra-
operative opioids and nondepolarizing muscle relaxants, 
American Society of Anesthesiologists [ASA; Schaumburg, 
Illinois] Physical Status, opioids given in PACU, anemia, his-
tory of supplemental oxygen, history of apnea, and weight 
for gestational age). We then conducted multivariable logis-
tic regression analyses to investigate the association between 
PMA and postanesthesia apnea. In the multivariable model, 
we included gestational age, anesthetic technique, birth 
weight, and anemia as covariates, based on statistical sig-
nals identified in our aggregate data meta-analysis.3 The 
frequency of postanesthesia apnea events per infant was 
categorized into three outcomes: no apnea events, a single 
apnea event, or multiple apnea events. Mixed-effects ordinal 
logistic regression was applied to investigate the association 
between various factors and the frequency of apnea events 
per infant. Similarly, a multivariable model with the same 
covariates was used to examine the association between 
PMA and the number of postanesthesia apnea events.

Since the duration of monitoring (minutes) after anes-
thesia varied among infants, the logarithm of monitoring 
duration was included as an adjustment in the models. 
To evaluate the association between pulse oximetry and 
respiratory monitoring, we restricted the dataset to infants 
who were monitored with pulse oximetry, and classified 
those with any additional type of respiratory monitor-
ing as “yes” and those without as “no.” A mixed-effects 
logistic regression model was then applied to examine the 
association.

Kaplan–Meier plots for the time to first or last postan-
esthesia apnea events were constructed to compare the 
survival trends of infants receiving different anesthetic 
techniques. For statistical analysis, anesthetic techniques 
were classified into four types: (1) general anesthesia (with 
or without ilioinguinal nerve block or local infiltration, (2) 
general anesthesia with a caudal block, (3) failed neuraxial 
anesthesia converted to general anesthesia, and (4) neuraxial 
anesthesia (spinal or caudal anesthesia with or without seda-
tion). To analyze the association between anesthetic tech-
nique and time to first or last postanesthesia apnea event, 
Cox proportional hazards models were applied.

Missing values were not imputed, and outliers were 
omitted from the analysis (see table 1 for missing value 
information; details on outliers are provided in the Results 
section). Statistical analyses were carried out using the R 
Project for Statistical Computing (version 2023.06.1 + 524; 
https://www.r-project.org/, accessed December 9, 2025). 
Five2,13,17,23,24 of the 12 studies that shared their original 
records provided detailed monitoring data, timing of apnea 
events, number of events, and rescue interventions for at 
least 12 h after anesthesia; these data were examined sep-
arately. Two-sided P values < 0.05 were considered sig-
nificant. For each parameter, results are described as mean 
± SD for normally distributed data, and as median and 
interquartile range for data that were not normally distrib-
uted. Because infants had multiple rescue interventions per 
postanesthesia apnea event, these were classified based on 
the highest level of intervention used per apnea event in 
the following order: no intervention, stimulation, use of 
oxygen/continuous positive airway pressure (CPAP), bag-
valve-mask ventilation, unplanned escalation to intensive 
care unit, tracheal intubation, chest compressions, and use 
of epinephrine for cardiopulmonary resuscitation.

Results
Original data for 1,132 infants2,7–13,16,17,23,24 undergoing 
inguinal hernia repair were obtained from the authors; 
data from 29 were deleted due to incomplete records or 
errors in documentation. One infant with 99 postanes-
thesia apnea events was excluded from the frequency and 
timing of apnea events analysis (ordinal logistic regression 
and Kaplan–Meier curves) because it was deemed to be a 
statistical outlier. Thus, 1,102 infants (751 former preterm 
and 351 full-term infants; ASA Physical Status I to III) were 
included in the final dataset. Overall, 133 of 1,102 infants 
(12.1%) experienced postanesthesia apnea, 132 of whom 
were former preterm infants and 1 of whom was a full-term 
infant. This corresponds to an incidence of 17.6% (132 of 
751) in former preterm infants and an incidence of 0.3% 
(1 of 351) in full-term infants. Due to the small sample 
size (n = 1) for apneic infants in the full-term infant group, 
we focused our analysis only on former preterm infants. 
Five studies (n = 560) provided data regarding the timing 
of apnea events; these data were available for 62 of 70 for-
mer preterm infants who experienced apnea (timing data 
was missing for eight infants) across the five studies.2,13,17,23,24 
Data regarding timing of apnea events were not available 
in the other seven studies that included the remaining 191 
former preterm infants. Details regarding the type of air-
way management (e.g., endotracheal intubation or laryngeal 
mask airway, etc.) for infants who received general anesthesia 
varied and were not available in all study subjects. Hence 
airway management data were not included in the analysis.

There was considerable heterogeneity with the types of 
monitors utilized and monitoring duration. Monitoring 
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devices included capnography, nasal thermistors, motion 
detectors, actigraphy, respiratory induction plethysmogra-
phy, impedance pneumography, and pulse oximetry; some 
infants had more than one type of monitor. Infants man-
aged with general anesthesia received a variety of inhalation 
agents, nondepolarizing neuromuscular blocking agents, 
and opioids; 35 infants with failed neuraxial anesthesia were 
converted to general anesthesia with sevoflurane. Some 
infants were managed with neuraxial anesthesia and seda-
tion based on individual study protocol. All infants who 
received nondepolarizing muscle relaxants received reversal 
agents. Some infants received caffeine.

Figure 1 presents the analysis for predictive probabil-
ity of apnea based on the PMA. Since the oldest infant in 

our dataset was 62 weeks PMA, we extrapolated the curves 
to obtain the predictive probability at a 1% threshold. 
Figure 1A includes data for all 751 former preterm infants 
with any anesthetic technique. Figure 1B plots data for 
those who had general anesthesia only; figure 1C plots data 
for infants receiving general anesthesia with a caudal block; 
figure 1D plots data for those receiving neuraxial anesthe-
sia. For those receiving general anesthesia, our data suggest 
that the risk for postanesthesia apnea was approximately 
10% at 53 weeks PMA, was approximately 5% at 57 weeks 
PMA, and did not fall to less than 1% until approximately 
65 weeks PMA. For those receiving neuraxial anesthesia, 
our data suggest that the risk for postanesthesia apnea was 
approximately 10% at 38 weeks PMA, was approximately 

Table 1.  Distribution of the Demographic Characteristics of Former Preterm Infants (n = 751) Based on the Occurrence of 
Postanesthesia Apnea Events

Characteristics*
Overall

(n = 751)
No Apnea
(n = 619)

Apnea
(n = 132) P Value†

Postmenstrual age, weeks, mean ± SD (range) 44.5 ± 5.1
(33.9 to 62.0)

44.9 ± 5.2
(33.9 to 62.0)

42.6 ± 4.2
(35.3 to 56.0)

< 0.001

Gestational age, weeks, mean ± SD (range) 32.0 ± 3.2
(23.0 to 36.9)

32.3 ± 3.1
(24.0 to 36.9)

30.5 ± 3.2
(23.0 to 36.1)

< 0.001

Birth weight, kg, mean ± SD (range) 1.7 ± 0.7
(0.5 to 4.2)

1.7 ± 0.7
(0.5 to 4.2)

1.5 ± 0.6
(0.7 to 3.0)

0.005

 � Missing, No. 107 56 51
Weight at the time of surgery, mean ± SD (range) 3.7 ± 1.1

(1.4 to 7.1)
3.8 ± 1.1

(1.7 to 6.9)
3.0 ± 1.0

(1.4 to 7.1)
< 0.001

 � Missing, No. 248 183 65
Anesthetic technique, No. (%) 751 < 0.001
 � General anesthesia 262 193 (31.2) 69 (52.3)
 � General anesthesia with caudal block
 � Failed neuraxial converted to general anesthesia 35 29 (4.7) 6 (4.5)
 �N euraxial anesthesia 194 186 (30.0) 8 (6.1)
Inhalational agents, No. (%) 522‡ 404 118 0.004†
 � Halothane, isoflurane 248 183 (46.1) 65 (61.9)
 � Sevoflurane, desflurane 254 214 (53.9) 40 (38.1)
 � Missing, No. 20 7 13
Intraoperative opioid, No. (%) 748 10 (1.6) 8 (6.2) 0.006
 � Missing, No. 3 0 3
Nondepolarizing muscle relaxant, No. (%) 521‡ 156 (42.0) 59 (62.8) < 0.001
 � Missing, No. 1 0 1
ASA Physical Status III vs. I to II, No. (%) 356 225 (88.2) 90 (89.1) 1.0
 � Missing, No. 395 364 31
Opioid given in PACU, No. (%) 602 6 (1.2) 1 (0.9) 1.0
 � Missing, No. 149 123 26
Anemia (hemoglobin less than 10 g/dl), No. (%) 673 203 (36.7) 31 (25.8) 0.026
 � Missing, No. 78 66 12
History of supplement oxygen, No. (%) 490 153 (35.7) 24 (39.3) 0.572
 � Missing, No. 261 190 71
Apnea history, No. (%) 677 37 (6.6) 35 (29.2) < 0.001
 � Missing, No. 74 62 12
Small for gestational age, No. (%) 644 119 (21.1) 9 (11.0) 0.037
 � Missing, No. 107 56 51

*Mean ± SD (range) for continuous variables, and No. (%) for categorical variables. †P values for the differences of each characteristic between postanesthesia apnea and no pos-
tanesthesia apnea cohorts. For continuous variables, the two-sample t test was used; for categorical variables, the Fisher exact χ2 test was used. ‡Totals less than total number of 
patients reviewed due to missing data.
ASA, American Society of Anesthesiologists.
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5% at 40 weeks PMA, and did not fall to less than 1% until 
approximately 45 weeks PMA. Of note, the predictive prob-
ability of postoperative apnea rapidly declined with increas-
ing PMA: approximately 34 per 1,000 (3.4%) at 58 weeks, 
approximately 23 per 1,000 (2.3%) at 60 weeks, approxi-
mately 9 per 1,000 (0.9%) at 65 weeks, approximately 3 per 
1,000 (0.3%) at 70 weeks, and approximately 1 per 1,000 
(0.01%) at 75 weeks, respectively.

Table 1 presents the distribution of demographic data, 
rates, and proportion characteristics of the former preterm 
infants based on the primary outcome variable, i.e., pos-
tanesthesia apnea versus no postanesthesia apnea. The mean 
PMA, gestational age, birth weight, and weight at the time 
of surgery were significantly lower in the postanesthesia 
apnea group. A significantly higher proportion of infants 
in the postanesthesia apnea group had a history of apnea, 
received intraoperative opioids, received nondepolarizing 
muscle relaxants, received legacy inhalational agents (hal-
othane/isoflurane vs. sevoflurane/desflurane), and received 
any form of general anesthesia (with or without caudal 
or failed neuraxial block converted to general anesthesia) 

compared with neuraxial anesthesia as the sole anesthetic. 
Eight of 194 former preterm infants (PMA range, 37.43 to 
41.14; median, 38.93 weeks) managed with neuraxial anes-
thesia (two of whom also received sedation) experienced 
at least one postanesthesia apnea event (apnea incidence, 
4.1%) versus 124 of 557 (PMA range, 35.29 to 56; median, 
42 weeks) who received any form of general anesthesia 
(apnea incidence, 22.3%; P < 0.001). There was no differ-
ence between the two groups (apnea vs. no apnea) with 
regard to a history of receiving supplemental oxygen or 
opioids in the PACU. A higher proportion of infants in the 
no postanesthesia apnea cohort were anemic and SGA.

Univariable logistic regression analysis for potential risk 
factors confirmed that PMA at the date of surgery, ges-
tational age, birth weight, weight at the time of surgery, 
any form of general anesthesia (general anesthesia with or 
without ilioinguinal block or local anesthetic infiltration, 
general anesthesia with caudal block, failed neuraxial block 
converted to general anesthesia vs. neuraxial anesthesia), a 
history of the use of supplemental oxygen, and a history of 
apnea were all significant risk factors (table 2). There was 

Fig. 1.  (A) Data from all 751 former preterm infants regardless of anesthetic technique. (B) Data for those who had general anesthesia. 
(C) Data for infants receiving general anesthesia and a caudal block. (D) Data from those receiving neuraxial anesthesia. Note that for those 
receiving general anesthesia (B), the risk for postanesthesia apnea is approximately 10% at approximately 52 weeks postmenstrual age 
(PMA), is approximately 5% at approximately 57 weeks PMA, and does not fall to less than 1% until approximately 65 weeks PMA. For those 
receiving neuraxial anesthesia (D), the risk for postanesthesia apnea is approximately 10% at approximately 38 weeks PMA, is approximately 
5% at approximately 40 weeks PMA, and does not fall to less than 1% until approximately 45 weeks PMA. (A) Probability plots for predictive 
at-risk PMA in all former preterm infants (n = 751) regardless of anesthetic technique. (B) All infants managed with general anesthesia only. 
(C) Infants managed with general anesthesia with a caudal block. (D) All infants managed with neuraxial anesthesia. PMA, postmenstrual age.
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no association between the occurrence of postanesthesia 
apnea events and the type of inhalation agent (legacy agents 
[halothane/isoflurane] vs. newer agents [sevoflurane/des-
flurane]), use of nondepolarizing muscle relaxants, opioids 
administered intraoperatively or in the PACU, anemia, or 
ASA Physical Status (III vs. I or II). Those administered gen-
eral anesthesia without a caudal block had an approximately 
6.8-fold greater odds ratio for a postanesthesia apnea event, 
while infants administered general anesthesia with caudal 
block had an approximately 2.5-fold greater odds ratio for 
a postanesthesia apnea event compared with neuraxial anes-
thesia as the sole anesthetic (table 2).

Multivariable regression analysis using PMA, gestational 
age, birth weight, weight at time of surgery, anesthetic 
technique (general vs. neuraxial), and anemia as covariates 
revealed PMA, gestational age, and anesthetic technique as 
the most significant risk factors. Since the cause-and-effect 
relationships of these covariates with postanesthesia apnea 
events and the frequency of these events are less certain, we 
present these results as forest plots (Supplemental Digital 
Content fig. 1, https://links.lww.com/ALN/E426). Both 
univariable and multivariable analyses indicate significant 
association of PMA with occurrence and frequency of pos-
tanesthesia apnea events.

Figure 2 illustrates the relationship between anemia 
(hemoglobin less than 10 g/dl) and postanesthesia apnea. 

The risk for postanesthesia apnea decreases with each week 
increase in PMA at the time of surgery for both anemic 
and nonanemic former preterm infants. This risk is higher 
for nonanemic infants until the crossover point of 44 weeks 
PMA, after which the risk is higher in anemic infants, 
achieving statistical significance at 48 weeks PMA (odds 
ratio, 5.2; 95% CI, 1.12 to 23.2; P = 0.0296).

Analysis for risk factors associated with the frequency 
of postanesthesia apnea events per infant (0 vs. 1 vs. greater 
than 1) using univariable ordinal logistic regression 
revealed that PMA, gestational age, birth weight, weight 
at time of surgery, use of general anesthesia with or with-
out a caudal block, failed neuraxial block converted to 
general anesthesia compared with those managed with 
neuraxial anesthesia, and a history of supplemental oxy-
gen were associated with a greater frequency of postan-
esthesia apnea events per infant (table 3). The type of 
inhalational agent (legacy vs. newer), use of intraoperative 
opioids, use of nondepolarizing muscle relaxant, opioids 
given in PACU, history of apnea, and SGA were not asso-
ciated with an increased frequency of postanesthesia apnea 
events per infant (table 3). The odds ratio for frequency 
of postanesthesia apnea after general anesthesia without 
caudal block was approximately 13-fold and for general 
anesthesia with caudal block was approximately 5.8-fold 
higher in comparison to neuraxial anesthesia (table 3). 
Since only 6 of 752 premature infants were administered 
postoperative caffeine, 3 of whom experienced apnea, we 
are unable to provide meaningful analysis. Additionally, 
since only two infants managed with neuraxial anesthesia 
also received sedation, the data are inadequate to deter-
mine any relationship.

The frequency of recorded apnea events was higher with 
the combination of pulse oximetry and any form of respi-
ratory monitoring for postanesthesia apnea detection (cap-
nography, nasal thermistors, motion detectors, actigraphy, 
plethysmography, impedance pneumography) versus use of 
pulse oximetry alone (P = 0.032).

Figure 3, A and B, presents Kaplan–Meier survival curves 
for first and last postanesthesia apnea events based on the 
anesthetic technique. Overall, the first postoperative apnea 
event occurred from 0 to 593 min; the onset of apnea 
occurred up to approximately 10 h regardless of anesthetic 
technique. The last postanesthesia apnea event occurred 
later in infants receiving any general anesthesia technique (1 
to 1,566 min) compared with those who received neuraxial 
anesthesia (64 to 720 min).

Figure 4 illustrates the types of interventions and their 
timing after arrival in PACU. Of the 560 infants with the 
data on timing of apnea, 62 had at least 1 event, with the 
number of events per infant ranging from 1 to 36. A total 
of 228 apnea events were reported among these 62 infants; 
intervention data were missing for 3 events. A total of 137 
events resolved without intervention and 28 with stimula-
tion alone, but 33 required additional oxygen or initiation of 

Table 2.  Univariable Regression Analysis of Risk Factors 
Associated With Postanesthesia Apnea in Former Preterm 
Infants

Variable OR (95% CI) P Value

Postmenstrual age, weeks 0.83 (0.78–0.88) < 0.001
Gestational age, weeks 0.85 (0.79–0.91) < 0.001
Birth weight 0.62 (0.41–0.93) 0.020
Weight at the time of surgery, kg 0.59 (0.43–0.81) 0.001
Anesthetic technique
 � General anesthesia 6.01 (1.59–22.7) 0.008
 � General anesthesia with caudal block 2.94 (1.28–6.78) 0.012
 � Failed neuraxial converted to general  

  anesthesia
6.70 (2.09–21.48) 0.001

 �N euraxial anesthesia Ref
Inhalational agents
 � Halothane, isoflurane 1.31 (0.23–7.36) 0.756
 � Sevoflurane, desflurane Ref
Intraoperative opioids 1.34 (0.31–5.81) 0.698
Nondepolarizing muscle relaxant use 0.95 (0.40–2.25) 0.904
ASA Physical Status III vs. I and II 1.46 (0.59–3.54) 0.400
Opioid given in PACU 0.39 (0.02–6.36) 0.510
Anemia (hemoglobin less than 10 g/dl)* 1.2 (0.68–2.04) 0.564
History of supplemental oxygen 2.40 (1.14–5.05) 0.021
Apnea history 2.88 (1.49–5.58) 0.002
Small for gestational age 0.57 (0.27–1.21) 0.144

*For infants > 48 weeks PMA, anemic infants have a higher risk of experiencing 
postanesthesia apnea (OR, 5.2; 95% CI, 1.12–23.2; P = 0.0296).
ASA, American Society of Anesthesiologists; OR, odds ratio; PACU, postanesthesia 
care unit; PMA, postmenstrual age; Ref, reference group.
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CPAP, 21 required bag-valve-mask ventilation, 2 were esca-
lated to intensive care unit admission, 3 required tracheal 
intubation, and 1 needed epinephrine, chest compressions, 
and tracheal intubation. Supplemental Digital Content 
tables 1 and 2 (https://links.lww.com/ALN/E426) provide 
the breakdown of postanesthesia apnea incidence, type of 
monitoring, and interventions documented by each investi-
gator. There were inadequate data to establish an association 
between highest level of intervention and the frequency of 
apnea (single vs. multiple).

Discussion
Our IPD meta-analysis of former preterm infants undergo-
ing a single procedure (inguinal herniorrhaphy) confirms 
many observations made by the combined analysis by Coté 
et al. performed 30 yr ago.1 We chose the same probability 
of apnea risk threshold (less than 1%) for easy comparison.1 
Our analysis revealed that the risk for postanesthesia apnea 
extends well beyond the approximately 57 weeks PMA 
(approximately 55 weeks PCA) reported by Coté et al., i.e., 
this risk does not decrease to less than 1% until approxi-
mately 65 weeks PMA (approximately 63 weeks PCA), thus 
increasing the at-risk period by approximately 8 weeks.1

Our analysis revealed that risk of occurrence, the fre-
quency of postanesthesia apnea events, and PMA threshold 

whereby infants are at risk are significantly lower after 
neuraxial anesthesia versus general anesthesia. Additionally, 
the risk for apnea for those who received general anesthe-
sia combined with a caudal block is intermediate between 
neuraxial anesthesia versus general anesthesia alone (fig. 3, 
A and B). General anesthesia alone was associated with 
an approximately 6-fold increase in risk of postanesthesia 
apnea, but when combined with a caudal block, only an 
approximately 2.9-fold increase (table 2) in risk compared 
with infants managed with neuraxial anesthesia, perhaps 
because of reduced inhalational agents. Due to the sparsity 
of data, we are unable to analyze the impact of neuraxial 
anesthesia on postanesthesia apnea occurrence in anemic 
infants compared with nonanemic infants. We were also 
unable to find a relation of increased apnea in patients 
managed with neuraxial anesthesia who received sedation. 
This observation is different from a report9 that eight of 
nine infants managed with spinal anesthesia with ketamine 
sedation experienced apnea events within the first 12 h 
after surgery, suggesting that the impact of sedating infants 
during neuraxial anesthesia requires further investigation.

Rescue interventions were more frequent after general 
than neuraxial anesthesia; however, rescue with bag-valve-
mask was required up to approximately 10 h after either 
neuraxial or general anesthesia, and rescue with supple-
mental oxygen or CPAP up to approximately 12 h after 

Fig. 2.  Risk for postanesthesia apnea in anemic (hemoglobin less than 10 g/dl) and nonanemic former preterm infants. The risk for postan-
esthesia apnea decreases with each week increase in postmenstrual age (PMA) at the time of surgery for both anemic and nonanemic former 
preterm infants. However, this risk is higher for nonanemic infants until the crossover point of 44 weeks or less PMA (predicted probability, 
34%) after which the risk is higher in anemic infants achieving statistical significance at 48 weeks PMA (odds ratio, 5.2; CI 1.12 to 23.2; P 
= 0.0296).
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neuraxial and 26 h after general anesthesia (fig. 4). In our 
aggregate data meta-analysis,3 we found a last postanesthe-
sia apnea event as late as 56 h after general anesthesia.18 
Endotracheal intubation was required in three and epi-
nephrine, endotracheal intubation, and chest compressions 
in one infant within 60 min after general anesthesia; the 
limited number of these higher interventions precludes a 
detailed analysis.

Univariable and ordinal regression analysis revealed 
that the risk of occurrence and frequency of apnea was no 
different in former preterm infants anesthetized with leg-
acy (halothane/isoflurane) versus newer inhalational agents 
(sevoflurane/desflurane); modern inhalational agents do not 
appear to offer advantage.

The relationship between anemia with postanesthesia 
apnea is complex. Overall, regression analysis did not estab-
lish a relationship with anemia, which appears to contra-
dict the neonatal literature.10,28 However, detailed analysis 
in relation to PMA confirmed the observation that anemia 
(hemoglobin less than 10 g/dl) is an important risk factor,1 
but this risk is not statistically significant until after 48 weeks 
PMA (fig. 2). This observation differed from the report by 
Coté et al. because this association showed a decreasing 
effect with greater PMA.1 As in the analysis by Coté et al.,1 
SGA seemed to be protective of postanesthesia apnea events 
compared with appropriate for gestational age and large for 
gestational age infants; the reason for this is unclear.

Pulse oximetry, combined with any form of respiratory 
monitoring, identified more postanesthesia apnea events 
compared to pulse oximetry alone, but due to the wide 
variability of respiratory monitors, our results do not sup-
port a specific type of monitor.

The majority of first apnea events occurred within 
60 min of entering the PACU after general anesthesia, but 
infants managed with neuraxial anesthesia tended to have 
their onset of apnea after PACU discharge (fig. 4). Apnea 
onset occurred as late as approximately 10 h after either 
general or neuraxial anesthesia, supporting the previous lit-
erature suggesting that all former preterm infants should be 
monitored for at least 12 apnea-free hours, albeit extended 
as indicated, regardless of anesthetic technique.9,11,13 Our 
analysis shifts the less than 1% at-risk PMA and provides 
supportive evidence for postoperative monitoring in all 
former preterm infants less than 65 weeks PMA receiv-
ing general anesthesia. While the number of infants who 
had neuraxial anesthesia at a later PMA was insufficient to 
derive a less than 1% threshold for apnea risk, we did find 
that in infants with a younger PMA (at approximately 53 
weeks PMA, the probability of postanesthesia apnea with 
general anesthesia is 10%, whereas it is reduced to 1% with 
neuraxial anesthesia), neuraxial anesthesia may emerge 
as the preferred technique in this at-risk cohort. Further 
exploration of this question is warranted.

We are unable to shed additional light upon the manage-
ment of full-term infants since only 1 of 350 experienced 
apneas. He experienced two apnea events in the PACU, 
which responded to stimulation. He was 44.9 weeks PMA, 
was 37 weeks gestational age, weighed 3.1 kg at birth, weighed 
5.5 kg at the time of surgery, had a hemoglobin value 10.2 g/
dl, and received sevoflurane anesthesia with a caudal block. It 
is possible that he was an anemic former preterm infant with 
an inaccurately estimated gestational age.

We focused only on former preterm infants undergoing 
one specific surgical procedure, i.e., inguinal herniorrha-
phy, to standardize the surgical stress. The timing of elective 
inguinal herniorrhaphy is important since the risk of incar-
ceration and bowel strangulation with necrosis29 results in 
an emergent rather than an elective anesthetic. Outcomes 
data comparing early versus late herniorrhaphy indicate that 
fewer infants had adverse events in the late repair group30; 
there is a dearth of data for infants with PMA beyond 57 
weeks. A clinical report from the American Academy of 
Pediatrics confirms the conflicting and inadequate data 
regarding the optimal timing for surgical repair, but anes-
thesia risks are not addressed.31

Strengths and Limitations

Strengths. An IPD meta-analysis combines raw data from 
individual participants across multiple studies compared to 
a traditional aggregate data meta-analysis that uses summary 
data from published studies. The advantages of an IPD 
meta-analysis include improved data quality and the ability 

Table 3.  Ordinal Regression Analysis for the Frequency of 
Postanesthesia Apneas Adjusted for the Variable Monitoring 
Intervals

Variables OR (95% CI) P Value

Postmenstrual age, weeks 0.90 (0.84–0.97) 0.006
Gestational age, weeks 0.84 (0.76–0.92) < 0.001
Birth weight 0.52 (0.29–0.90) 0.023
Weight at the time of surgery 0.61 (0.45–0.81) < 0.001
Anesthetic technique (reference: neuraxial 

anesthesia)
General anesthesia without caudal block 13.01(3.52–48.97) < 0.001
General anesthesia with caudal block 5.83 (2.55–15.82) < 0.001
Failed neuraxial converted to general 

anesthesia
7.96 (2.11–29.21) 0.002

Any general anesthesia vs. neuraxial 
anesthesia

6.45 (2.89–17.27) < 0.001

Inhalational agents (reference: sevoflurane/
desflurane)

Halothane/isoflurane 1.36 (0.08–15.66) 0.818
Intraoperative opioids 2.05 (0.58–6.59) 0.245
Nondepolarizing muscle relaxant 1.57 (0.756–3.29) 0.227
Opioid given in PACU 0.51 (0.02–3.80) 0.574
Anemia (hemoglobin less than 10 g/dl) 0.75 (0.40–1.86) 0.369
History of supplemental oxygen 2.18 (1.16–4.14) 0.016
Apnea history 3.08 (0.58–12.78) 0.144
Small for gestational age 0.58 (0.21–1.32) 0.229

Note that the patient with 99 apnea events is not included in this table.
OR, odds ratio; PACU, postanesthesia care unit.
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to investigate research questions in greater detail and with 
increased precision.5,6

We clarified that neuraxial compared with general 
anesthesia results in reduced occurrence and frequency 
of postanesthesia apnea and that the at-risk PMA is lower 
for infants after neuraxial anesthesia compared to those 
managed with general anesthesia. There appears to be no 
advantage with using modern compared with legacy inha-
lation agents. Although anemia was confirmed as a risk 
factor in infants more than 48 weeks PMA, further studies 
are needed to evaluate its impact on clinical decisions and 
outcomes. Pulse oximetry with any form of respiratory 
monitoring appears to increase apnea detection; perhaps 
this combination may be the best practice for monitoring 
until we obtain conclusive data from prospective random-
ized studies.

Limitations. We identified five covariates (PMA, gestational 
age, birth weight, anesthetic technique, and anemia) associated 
with apnea events and used multivariable regression analysis 
models that explored associations between risk factors. 
Such models serve different analytic purposes—prediction, 
causal inference, or descriptive association—each requiring 
distinct assumptions and interpretive frameworks; hence 
we chose to present these analyses as supplemental digital 
content with forest plots (Supplemental Digital Content 
fig. 1, https://links.lww.com/ALN/E426).

We chose an anemia threshold of less than 10 g/dl for 
ease of comparison. However, inconsistent blood transfu-
sion thresholds,32 variability in anemia defintions,33 and 
other confounding factors34 may affect this threshold.

A further limitation includes the variability of the types 
of monitoring to detect apnea preventing us from identi-
fying a specific respiratory monitor that would most likely 
detect apnea. Another limitation is the association of apnea 
with intraoperative opioids or nondepolarizing muscle 
relaxants. Since a greater risk for apnea is associated with 
general anesthesia, it makes sense that pari passu this risk 
would also be associated with the medications needed to 
facilitate general anesthesia. The number of infants man-
aged with caffeine or neuraxial anesthesia with sedation 
were inadequate for our analysis. Since our study popula-
tion consisted only of preterm infants undergoing inguinal 
hernia surgery, we cannot comment on the generalizability 
of our findings to other surgical populations.

Conclusions

Neuraxial anesthesia appears to offer advantages over gen-
eral anesthesia in terms of associated risk of postanesthe-
sia apnea in former preterm infants undergoing inguinal 
hernia repair. Postanesthesia apnea risk after neuraxial anes-
thesia extends to a much younger PMA compared with 
general anesthesia; however, due to the sparse data in older 

Fig. 3.  (A) Kaplan–Meier plot of time to the first apnea event. Note that those receiving general anesthesia and those with a failed neuraxial 
converted to general anesthesia tended to have their first postanesthesia apnea event the earliest, those receiving general anesthesia with a 
caudal block at an intermediate time, and those receiving neuraxial anesthesia tended to have their first postanesthesia event the latest. (B) 
Kaplan–Meier plot of time to the last postanesthesia apnea event. Note that those receiving general anesthesia and those receiving general 
anesthesia with a caudal block tended to have their last postanesthesia apnea much later than those receiving general anesthesia after failed 
neuraxial anesthesia or neuraxial anesthesia.
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PMA infants, we are unable to provide a precise at-risk 
PMA at which the probability of a postanesthesia apnea 
event is less than 1% after neuraxial anesthesia. Our data 
support monitoring former preterm infants undergoing 
inguinal herniorrhaphy for at least 12 apnea-free hours, 
even at older PMA after neuraxial anesthesia. Apnea risk 
rapidly decreases from approximately 34 of 1,000 at 58 
weeks PMA to approximately 1 of 1,000 at 75 weeks PMA; 
the decision to admit these infants is thus related to what 
risk a practitioner is willing to accept. Since anemia is a risk 
factor for infants more than 48 weeks PMA, our data sup-
port preoperative screening. We understand that our study 
findings may have implications in resource-limited settings. 
Perhaps future studies of older PMA former preterm infants 
managed with neuraxial anesthesia may allow more statisti-
cally sound recommendations. This study sets the stage for 
revised professional organizations’ consensus statements.

Acknowledgments

The authors wish to thank Allan Zaslavsky, Ph.D., 
Department of Health Care Policy, Harvard Medical 
School, Boston, Massachusetts, for providing his assistance 
with data management.

Research Support

Funding for this study was received from the Society for 
Pediatric Anesthesia (Richmond, Virginia) and from the 
Department of Anesthesiology and Perioperative Medicine, 
Pennsylvania State Health, Pennsylvania State College of 
Medicine, Hershey, Pennsylvania.

Competing Interests

The authors declare no competing interests.

Correspondence

Address correspondence to Dr. Dalal: Department of 
Anesthesiology and Perioperative Medicine, H187, 500 
University Dr, Pennsylvania State College of Medicine, 
Pennsylvania State Health Children’s Hospital, Hershey, 
Pennsylvania 17033. pdalal@pennstatehealth.psu.edu

Supplemental Digital Content

Supplemental Digital Content file, https://links.lww.com/
ALN/E426
Supplemental Digital Content Table 1: Apnea incidence 
and type of monitoring distribution
Supplemental Digital Content Table 2: Apnea incidence 
and frequency distribution
Supplemental Digital Content Figure 1: PMA, occurrence, 
frequency of apnea association

References

	 1.	 Coté CJ, Zaslavsky A, Downes JJ, et al.: 
Postoperative apnea in former preterm infants 
after inguinal herniorrhaphy. A combined 
analysis. Anesthesiology 1995; 82:809–22. 
doi:10.1097/00000542-199504000-00002

	 2.	 Davidson AJ, Morton NS, Arnup SJ, et al.; General 
Anesthesia Compared to Spinal Anesthesia (GAS) 
Consortium: Apnea after awake regional and general 

Fig. 4.  Five types of interventions and their timing after arrival in the postanesthesia care unit (PACU). Note that rescue interventions for 
postanesthesia apnea after neuraxial anesthesia and general anesthesia were commonly required up to 14 h after arrival in PACU and in one 
patient 26 h after PACU admission. One infant required epinephrine, tracheal intubation, and chest compressions; three infants had tracheal 
intubation at the same time after PACU arrival (red star).

Copyright © 2026 American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.

mailto:pdalal@pennstatehealth.psu.edu
https://links.lww.com/ALN/E426
https://links.lww.com/ALN/E426


1452	 Anesthesiology 2026; 144:1442–53	 Dalal et al.

Review Article

anesthesia in infants: The general anesthesia com-
pared to spinal anesthesia study--Comparing apnea 
and neurodevelopmental outcomes, a randomized 
controlled trial. Anesthesiology 2015; 123:38–54. 
doi:10.1097/ALN.0000000000000709

	 3.	 Dalal PG, Malviya S, Coté CJ, et al.: Post-anesthesia 
apnea in former preterm and term infants – A qualitative 
systematic review and meta-analysis. Anesthesiology 
2026. In Press

	 4.	 Engle WA; American Academy of Pediatrics Committee 
on Fetus and Newborn: Age terminology during 
the perinatal period. Pediatrics 2004; 114:1362–4. 
doi:10.1542/peds.2004-1915

	 5.	 Riley RD, Lambert PC, Abo-Zaid G: Meta-analysis 
of individual participant data: Rationale, conduct, and 
reporting. BMJ 2010; 340:c221. doi:10.1136/bmj.c221

	 6.	 Tudur Smith C, Marcucci M, Nolan SJ, et al.: 
Individual participant data meta-analyses com-
pared with meta-analyses based on aggregate data. 
Cochrane Database Syst Rev 2016; 9:MR000007. 
doi:10.1002/14651858.MR000007.pub3

	 7.	 Welborn LG, de Soto H, Hannallah RS, Fink R, 
Ruttimann UE, Boeckx R: The use of caffeine in 
the control of post-anesthetic apnea in former pre-
mature infants. Anesthesiology 1988; 68:796–8. 
doi:10.1097/00000542-198805000-00022

	 8.	 Welborn LG, Hannallah RS, Fink R, Ruttimann UE, 
Hicks JM: High-dose caffeine suppresses postoperative 
apnea in former preterm infants. Anesthesiology 1989; 
71:347–9. doi:10.1097/00000542-198909000-00005

	 9.	 Welborn LG, Rice LJ, Hannallah RS, Broadman LM, 
Ruttimann UE, Fink R: Postoperative apnea in former 
preterm infants: Prospective comparison of spinal and 
general anesthesia. Anesthesiology 1990; 72:838–42. 
doi:10.1097/00000542-199005000-00012

	10.	 Welborn LG, Hannallah RS, Luban NL, Fink R, 
Ruttimann UE: Anemia and postoperative apnea 
in former preterm infants. Anesthesiology 1991; 
74:1003–6. doi:10.1097/00000542-199106000-00006

	11.	 Kurth CD, Spitzer AR, Broennle AM, 
Downes JJ: Postoperative apnea in preterm 
infants. Anesthesiology 1987; 66:483–8. 
doi:10.1097/00000542-198704000-00006

	12.	 Kurth CD, LeBard SE: Association of postoperative 
apnea, airway obstruction, and hypoxemia in former 
premature infants. Anesthesiology 1991; 75:22–6. 
doi:10.1097/00000542-199107000-00005

	13.	 Malviya S, Swartz J, Lerman J: Are all preterm infants 
younger than 60 weeks postconceptual age at risk for 
postanesthetic apnea? Anesthesiology 1993; 78:1076–
81. doi:10.1097/00000542-199306000-00009

	14.	 Brown KA, Aoude AA, Galiana HL, Kearney RE: 
Automated respiratory inductive plethysmography to 
evaluate breathing in infants at risk for postoperative apnea. 
Can J Anaesth 2008; 55:739–47. doi:10.1007/BF03016346

	15.	 Bong CL, Yeo AS, Fabila T, Tan JS: A pilot study of 
dexmedetomidine sedation and caudal anesthesia for 
inguinal hernia repair in infants. Paediatr Anaesth 2016; 
26:621–7. doi:10.1111/pan.12907

	16.	 Warner LO, Teitelbaum DH, Caniano DA, Vanik PE, 
Martino JD, Servick JD: Inguinal herniorrhaphy in 
young infants: Perianesthetic complications and asso-
ciated preanesthetic risk factors. J Clin Anesth 1992; 
4:455–61. doi:10.1016/0952-8180(92)90218-p

	17.	 Sale SM, Read JA, Stoddart PA, Wolf AR: Prospective 
comparison of sevoflurane and desflurane in formerly 
premature infants undergoing inguinal herniotomy. Br 
J Anaesth 2006; 96:774–8. doi:10.1093/bja/ael100

	18.	 Murphy JJ, Swanson T, Ansermino M, Milner R: The 
frequency of apneas in premature infants after inguinal 
hernia repair: Do they need overnight monitoring in 
the intensive care unit? J Pediatr Surg 2008; 43:865–8. 
doi:10.1016/j.jpedsurg.2007.12.028

	19.	 Massoud M, Kuhlmann AYR, van Dijk M, et al.: Does 
the incidence of postoperative complications after 
inguinal hernia repair justify hospital admission in pre-
maturely and term born infants? Anesth Analg 2019; 
128:525–32. doi:10.1213/ANE.0000000000003386

	20.	 Ozdemir T, Arikan A: Postoperative apnea after 
inguinal hernia repair in formerly premature infants: 
Impacts of gestational age, postconceptional age and 
comorbidities. Pediatr Surg Int 2013; 29:801–4. 
doi:10.1007/s00383-013-3330-8

	21.	 Laituri CA, Garey CL, Pieters BJ, Mestad P, 
Weissend EE, St Peter SD: Overnight observation 
in former premature infants undergoing ingui-
nal hernia repair. J Pediatr Surg 2012; 47:217–20. 
doi:10.1016/j.jpedsurg.2011.10.045

	22.	 Silins V, Julien F, Brasher C, Nivoche Y, Mantz J, 
Dahmani S: Predictive factors of pacu stay after her-
niorraphy in infant: A classification and regression 
tree analysis. Paediatr Anaesth 2012; 22:230–8. doi
:10.1111/j.1460-9592.2011.03726.x

	23.	 Bong CL, Tan J, Lim S, et al.: Randomised controlled 
trial of dexmedetomidine sedation vs general anaes-
thesia for inguinal hernia surgery on perioperative 
outcomes in infants. Br J Anaesth 2019; 122:662–70. 
doi:10.1016/j.bja.2018.12.027

	24.	 Robles-Rubio CA, Brown KA, Bertolizio G, Kearney 
RE: Automated analysis of respiratory behavior for the 
prediction of apnea in infants following general anes-
thesia. Annu Int Conf IEEE Eng Med Biol Soc 2014; 
2014:262–5. doi:10.1109/EMBC.2014.6943579

	25.	 Fenton TR, Kim JH: A systematic review and 
meta-analysis to revise the Fenton growth chart 
for preterm infants. BMC Pediatr 2013; 13:59. 
doi:10.1186/1471-2431-13-59

	26.	 de Onis M, Onyango A, Borghi E, Siyam A, Blössner M, 
Lutter C; WHO Multicentre Growth Reference Study 
Group: Worldwide implementation of the WHO child 

Copyright © 2026 American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.



	 Anesthesiology 2026; 144:1442–53	 1453Dalal et al.

Admission and Apnea Monitoring in Preterm Infants

growth standards. Public Health Nutr 2012; 15:1603–
10. doi:10.1017/S136898001200105X

	27.	 Page MJ, McKenzie JE, Bossuyt PM, et al.: The 
PRISMA 2020 statement: An updated guideline for 
reporting systematic reviews. BMJ 2021; 372:n71. 
doi:10.1136/bmj.n71

	28.	 Eichenwald EC; Committee on Fetus and Newborn, 
American Academy of Pediatrics: Apnea of pre-
maturity. Pediatrics 2016; 137:e20160403B. doi: 
10.1542/peds.2015-3757

	29.	 Naiditch JA, Schindel DT: Inguinal hernia in a preterm 
neonate complicated by strangulation and subcutane-
ous hernia sac rupture. Pediatr Neonatol 2017; 58:376–
7. doi:10.1016/j.pedneo.2016.02.012

	30.	 Blakely ML, Krzyzaniak A, Dassinger MS, et al.; HIP 
Trial Investigators: Effect of early vs late inguinal hernia 
repair on serious adverse event rates in preterm infants: 

A randomized clinical trial. JAMA 2024; 331:1035–44. 
doi:10.1001/jama.2024.2302

	31.	 Wang KS; Committee on Fetus and Newborn, 
American Academy of Pediatrics; Section on Surgery, 
American Academy of Pediatrics: Assessment and man-
agement of inguinal hernia in infants. Pediatrics 2012; 
130:768–73. doi:10.1542/peds.2012-2008

	32.	 Holzapfel LF, Rysavy MA, Bell EF: Red blood cell trans-
fusion thresholds for anemia of prematurity. Neoreviews 
2023; 24:e370–6. doi:10.1542/neo.24-6-e370

	33.	 Christensen RD, Bahr TM, Tweddell SM, Ohls 
RK, Henry E: Diagnosing anemia in neonates: An  
evidence-based approach. Neoreviews 2023; 24:e343–
55. doi:10.1542/neo.24-6-e343

	34.	 Widness JA: Pathophysiology of anemia during the 
neonatal period, including anemia of prematurity. 
Neoreviews 2008; 9:e520. doi:10.1542/neo.9-11-e520

Appendix: Society for Pediatric Anesthesia Quality and Safety Committee–Apnea Task Force 
Collaborative Group
Jennifer L. Chiem, M.D.: Seattle Children’s Hospital, Seattle, 
Washington.

Joseph P. Cravero, M.D.: Harvard Medical School, Boston 
Children’s Hospital, Boston, Massachusetts.

Laura D. Donohue, M.D.: Mary Bridge Children’s 
Hospital, Tacoma, Washington.

James Fehr, M.D.: Department of Anesthesiology, 
Stanford University, Stanford, California.

Manon Haché, M.D.: Columbia University Medical 
Center, New York, New York.

Eugenie Heitmiller, M.D.: Anesthesiology and 
Pediatrics, Children’s National Hospital, George 
Washington School of Medicine and Health Sciences, 
Washington, D.C.

Tatiana Kubacki, M.D.: Columbia University Medical 
Center, New York, New York.

Copyright © 2026 American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.


	Materials and Methods
	Statistical Analysis

	Results
	Discussion
	Strengths and Limitations
	Strengths. An IPD meta-analysis combines raw data from individual participants across multiple studies compared to a traditional aggregate data meta-analysis that uses summary data from published studies. The advantages of an IPD meta-analysis include imp
	Limitations. We identified five covariates (PMA, gestational age, birth weight, anesthetic technique, and anemia) associated with apnea events and used multivariable regression analysis models that explored associations between risk factors. Such models s

	Conclusions
	Acknowledgments
	Research Support
	Competing Interests

	References

