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Abstract: Background: Infants are at risk of cerebral hypoperfusion from low blood pressure during
anesthesia. We conducted a retrospective observational study to determine the patient and periop-
erative factors associated with low systolic blood pressure (SBP) in healthy infants. Methods: We
obtained perioperative data of 266 infants aged 0–6 months who underwent inguinal hernia repair
between January 2015 and March 2019 at our institution. SBP was analyzed during two phases:
the preparation phase (20 min before procedure start until incision) and the surgical phase (15 to
35 min after procedure start). Low SBP was defined as a value lower than two standard deviations
below the 50th percentile for a phase- and weight-specific reference value. Results: Low SBP was
observed in 11% (29/265) and 5% (13/259) of patients during the preparation and surgical phases,
respectively. Neuromuscular blockade use was associated with normal SBP in both phases (regression
coefficient β = 6.15 and p = 0.002, regression coefficient β = 6.52 and p < 0.001, respectively). SBP
was more strongly associated with weight than with age (ratio of adjusted standardized regression
coefficient = 2.0 in both phases). After controlling for covariates, patients given neuromuscular
blockade had significantly fewer low SBP measurements during the preparation phase (regression
coefficient β = −1.99 and p < 0.001). Conclusions: With respect to patient factors, in healthy infants
under general anesthesia, weight was more strongly associated with SBP than age. A neuromus-
cular blocking agent administered during anesthesia induction was associated with fewer low SBP
measurements in the preparation phase.
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1. Introduction

Infants have proportionally greater decreases in blood pressure under general anes-
thesia compared with older children [1]. Reduced infant cerebral blood flow velocity has
been found during post induction periods of low blood pressure [2]. There is concern
that limited cerebral autoregulatory reserve in infants could lead to decreased cerebral
perfusion pressure when blood pressure is low [3,4]. In severe cases, infants who undergo
sustained low blood pressure can develop seizures, encephalopathy, and profound develop-
mental delays [5]. General anesthesia (GA) in infants causes higher rates of intraoperative
hypotension than spinal anesthesia, and younger infants (under 6 months of age) who
undergo general anesthesia have the highest risk of cerebral hypoperfusion during periods
of intraoperative hypotension [2,6].

Potentially modifiable anesthetic factors associated with low blood pressure in this
population remain an area of ongoing investigation. Thus, to address this knowledge
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gap, we conducted a retrospective observational study of low blood pressure in infants
undergoing general anesthesia for inguinal hernia surgery. We selected inguinal hernia
repair surgery to optimize clinical relevance and generalizability as this is a very common
surgical procedure that is performed in a generally uniform, otherwise healthy population
of infants. Inguinal hernia repair patients experience minimal blood and evaporative water
loss. Low blood pressure was defined using published reference values for healthy infants
under general anesthesia according to weight and surgical stage [7].

The primary aim of our study was to determine patient and anesthetic factors associ-
ated with low systolic blood pressure in infants under general anesthesia. Because younger,
smaller infants seem more vulnerable to low blood pressure under anesthesia, we hypoth-
esized that lower age and weight would be associated with lower blood pressure under
anesthesia. Some anesthesiologists will eschew neuromuscular blocking agents in favor of
higher propofol doses for intubation; thus, we also hypothesized that the administration of
propofol and avoidance of neuromuscular blocking agents would be associated with low
blood pressure.

2. Materials and Methods

This study was reviewed by the Institutional Review Board (IRB) at the Children’s
Hospital of Philadelphia and granted an exemption. The requirement for written informed
consent was waived by the IRB. This manuscript adheres to the Strengthening the Reporting
of Observational Studies in Epidemiology guidelines [8].

We conducted a retrospective observational study of American Society of Anesthesiol-
ogists Physical Status (ASA PS) 1 and 2 patients under 6 months of age who underwent
inguinal hernia repair from 25 January 2015 until 1 March 2019 at a single quaternary
pediatric hospital. Inclusion criteria were an age of less than 6 months, ASA PS 1 and 2,
and patients who had an elective hernia repair under general anesthesia with perioperative
vital signs recorded. Exclusion criteria were ASA PS “E” cases, any hernia repair that was
combined with another procedure, patients who received a spinal anesthetic, and patients
who received desflurane.

Non-invasive blood pressure values were collected every 3 min during general anes-
thesia. At our institution, blood pressure cuffs are generally placed on the upper arm. The
cuff size is selected so that the edge of the cuff falls within the range of markings on the
other side of the cuff and the width does not extend over a joint. Systolic blood pressure
(SBP) values for each patient were analyzed during two phases: (1) the preparation phase,
defined as the 20-min period leading up to the start of the procedure, and (2) the surgical
phase, defined as the 20-min period occurring between 15 to 35 min after procedure start.
An occurrence of low SBP was defined as a value below the 50th percentile minus two stan-
dard deviations from previously published phase- and weight-specific reference values [7]
(Table S1). The number of low SBP occurrences during each of the two 20-min phases
were analyzed. Perioperative medications included propofol, opioids (fentanyl, morphine,
and remifentanil), caudal epidural local anesthetics (ropivacaine and bupivacaine), and
neuromuscular blocking medication (vecuronium and cisatracurium). Covariates included
positive end expiratory pressure and exhaled sevoflurane concentration. SBP data filtering
and validation were performed. Filtering identified and excluded from analysis any blood
pressure artifact values that were blank, zero, negative, or greater than 200 mmHg.

Statistical Analysis

A statistical analysis plan was developed prior to data analysis. Descriptive statistics
were used to present characteristics of the patient cohort: categorical and numeric vari-
ables were described using count with percentage and median with interquartile range,
respectively. A correlation matrix was developed to examine the relationships between
key numeric variables: (1) Pearson correlation coefficients were calculated, (2) histograms
with probability density curves were made, and (3) scatterplots were drawn with smooth
curves and correlation ellipses. The smooth curves with 95% confidence intervals were
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fitted using the LOESS regression algorithm, and correlation ellipses were drawn around
the mean with the axis length reflecting one standard deviation of the x and y variables.

A multiple linear regression model was built to assess the adjusted associations
between SBP and risk factors. The selection of covariates into the model was based on a
conceptual causal model and preliminary data analysis. The key assumptions of linear
regression were evaluated with no obvious violation, including linearity, multivariate
normality, homoscedasticity, no autocorrelation, and little multicollinearity. The regression
coefficients (β) and standard errors (SE) were reported. The effect of weight and age on
the SBP was compared by standardizing β using z-score transformation. When analyzing
the number of low SBP occurrences as a count outcome variable, zero-inflated negative
binomial regression analysis was performed to address the over-dispersion issue, that is, a
high proportion of patients have zero occurrence of low SBP, and then to assess whether
increased occurrences of low SBP were associated with any possible risk factors. All
analyses were performed using R 3.4.2 (R Foundation for Statistical Computing, Vienna,
Austria). A two-sided p-value < 0.05 was used as the criterion for statistical significance.

3. Results

Of 266 eligible study patients, 265 (99.6%) had systolic blood pressure (SBP) values
during the preparation phase, while 259 (97.4%) had SBP values during the surgical phase
(Figure 1, study enrollment flow diagram). The patient characteristics by perioperative
phases and SBP are presented in Table 1. The median age was 77 days (interquartile range
(IQR): 60 to 100 days) and the median gestational age was 37 weeks (IQR: 32–39 weeks).
Most patients were ASA PS 2 (72.9%) and were general surgery patients (87.6%). En-
dotracheal tubes were placed in all but one patient whose airway was managed with a
supraglottic airway. During the preparation phase, 29 (10.9%) of the 265 patients had low
SBP; during the surgical phase, 13 (5.0%) of the 259 patients had low SBP.
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Weight (kg), median (IQR) 4.9 (4.0, 5.7) 5.3 (4.5, 6.2) 4.8 (4.0, 5.6) 5.1 (4.3, 5.4) 4.8 (3.9, 5.6) 
Weight known, n (%) 260 (97.7)     
Height (cm), median (IQR) 56 (53, 59) 56 (53, 59) 56 (53, 59) 57 (54, 59) 55 (52, 59) 
Height known, n (%)  220 (82.7)     
ASA classification, n (%)       
    ASA I 72 (27.1) 8 (27.6) 64 (27.1) 4 (30.8) 64 (26.0) 
    ASA II 194 (72.9) 21 (72.4) 172 (72.9) 9 (69.2) 182 (74.0) 
Surgery, n (%)      
    General 233 (87.6) 23 (79.3) 209 (88.6) 10 (76.9) 216 (87.8) 
    Urology 33 (12.4) 6 (20.7) 27 (11.4) 3 (23.1) 30 (12.2) 
PEEP, median (IQR) 4 (4, 4) 4 (3, 4) 4 (4, 4) 4 (4, 5) 4 (4, 5) 
SBP, median (IQR)   55 (47, 58) 65 (57, 73) 44 (43, 50) 65 (57, 72) 
No. of low SBP occurrence, median 
(IQR)   2 (1, 2) 0 (0, 0) 2 (2, 4) 0 (0, 0) 

Medication       
Propofol, n (%)  111 (41.7) 19 (65.5) 91 (38.6) 6 (46.2) 101 (41.1) 
Opioids, n (%)  103 (38.7) 10 (34.5) 92 (39.0) 5 (38.5) 92 (37.4) 
Caudal anesthesia, n (%)  163 (61.3) 21 (72.4) 142 (60.2) 9 (69.2) 151 (61.4) 
Ilioinguinal nerve block, n (%) 3 (1.1) 0 (0.0) 3 (1.3) 0 (0.0) 3 (1.2) 
Muscle relaxant, n (%)  192 (72.2) 10 (34.5) 182 (77.1) 8 (61.5) 181 (73.6) 
Sevoflurane, median end-tidal 
(IQR) 2.5 (1.9, 3.0) 2.5 (2.0, 3.1) 2.5 (1.9, 3.0) 2.0 (1.5, 2.6) 2.0 (1.6, 2.4) 

SBP, systolic blood pressure; IQR, interquartile range; PEEP, positive end expiratory pressure. 

 
Figure 1. Study enrollment flow diagram. Low systolic blood pressure was defined according to
age-adjusted blood pressure reference values [7].
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Table 1. Characteristics of the patients by systolic blood pressure status during the preparation and
surgical phases.

Variables
All Patients

(n = 266)

Preparation Phase Surgical Phase

Low SBP
(n = 29)

Normal SBP
(n = 236)

Low SBP
(n = 13)

Normal SBP
(n = 246)

Demographic and clinical features
Age (day), median (IQR) 77 (60, 100) 81 (62, 96) 77 (60, 103) 65 (46, 69) 78 (61, 103)
Gestational age (week), median (IQR) 37 (32, 39) 37 (32, 38) 37 (33, 39) 38 (36, 39) 37 (32, 39)
Sex, n (%)

Male 210 (78.9) 24 (82.8) 186 (78.8) 11 (84.6) 194 (78.9)
Female 56 (21.1) 5 (17.2) 50 (21.2) 2 (15.4) 52 (21.1)

Race/Ethnicity, n (%)
White 132 (49.6) 15 (51.7) 117 (49.6) 8 (61.5) 121 (49.2)
Hispanic 23 (8.6) 4 (13.8) 19 (8.1) 1 (7.7) 21 (8.5)
Black 60 (22.6) 3 (10.3) 57 (24.2) 2 (15.4) 57 (23.2)
Others 51 (19.2) 7 (24.1) 43 (18.2) 2 (15.4) 47 (19.1)

Weight (kg), median (IQR) 4.9 (4.0, 5.7) 5.3 (4.5, 6.2) 4.8 (4.0, 5.6) 5.1 (4.3, 5.4) 4.8 (3.9, 5.6)
Weight known, n (%) 260 (97.7)
Height (cm), median (IQR) 56 (53, 59) 56 (53, 59) 56 (53, 59) 57 (54, 59) 55 (52, 59)
Height known, n (%) 220 (82.7)
ASA classification, n (%)

ASA I 72 (27.1) 8 (27.6) 64 (27.1) 4 (30.8) 64 (26.0)
ASA II 194 (72.9) 21 (72.4) 172 (72.9) 9 (69.2) 182 (74.0)

Surgery, n (%)
General 233 (87.6) 23 (79.3) 209 (88.6) 10 (76.9) 216 (87.8)
Urology 33 (12.4) 6 (20.7) 27 (11.4) 3 (23.1) 30 (12.2)

PEEP, median (IQR) 4 (4, 4) 4 (3, 4) 4 (4, 4) 4 (4, 5) 4 (4, 5)
SBP, median (IQR) 55 (47, 58) 65 (57, 73) 44 (43, 50) 65 (57, 72)
No. of low SBP occurrence, median (IQR) 2 (1, 2) 0 (0, 0) 2 (2, 4) 0 (0, 0)
Medication
Propofol, n (%) 111 (41.7) 19 (65.5) 91 (38.6) 6 (46.2) 101 (41.1)
Opioids, n (%) 103 (38.7) 10 (34.5) 92 (39.0) 5 (38.5) 92 (37.4)
Caudal anesthesia, n (%) 163 (61.3) 21 (72.4) 142 (60.2) 9 (69.2) 151 (61.4)
Ilioinguinal nerve block, n (%) 3 (1.1) 0 (0.0) 3 (1.3) 0 (0.0) 3 (1.2)
Muscle relaxant, n (%) 192 (72.2) 10 (34.5) 182 (77.1) 8 (61.5) 181 (73.6)
Sevoflurane, median end-tidal (IQR) 2.5 (1.9, 3.0) 2.5 (2.0, 3.1) 2.5 (1.9, 3.0) 2.0 (1.5, 2.6) 2.0 (1.6, 2.4)

SBP, systolic blood pressure; IQR, interquartile range; PEEP, positive end expiratory pressure.

3.1. Risk Factors Associated with Occurrences of Low SBP

During the preparation phase, 236 patients had normal SBP while 14 patients had one
occurrence of low SBP, 10 had two occurrences of low SBP, three had three occurrences of
low SBP, and two had four occurrences of low SBP. During the surgical phase, 246 patients
had normal SBP while three had one occurrence of low SBP, four had two occurrences of low
SBP, two had three occurrences of low SBP, and four had four or more occurrences of low
SBP. After adjusting for age, sevoflurane, propofol, and neuromuscular blockade, patients
on the urologic surgery service tended to have a greater number of low SBP measurements
compared with those cared for by the general surgery service during both the preparation
and surgical phases: the difference in the logarithm of expected occurrences of low SBP
was 1.14 (p = 0.025) and 2.71 (p = 0.010). Patients given muscle relaxant had significantly
fewer occurrences of low SBP during the preparation phase (β = −1.99 and p < 0.001).
Increased age was associated with fewer low SBP measurements during the surgical phase
(β = −0.05 and p = 0.001). The corresponding results are displayed in Table 2.
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Table 2. Adjusted associations between risk factors and low SBP readings during the preparation and
surgical phases.

Variables
Preparation Phase Surgical Phase

β (SE) p β (SE) p

Age (day) −0.001 (0.01) 0.885 −0.05 (0.02) 0.001
Urology vs. General Surgery 1.14 (0.51) 0.025 2.71 (1.05) 0.010
Sevoflurane, end-tidal (%) −0.37 (0.26) 0.150 0.71 (0.60) 0.233
Propofol, Administered vs. not given −0.02 (0.54) 0.963 1.00 0.60 0.233
Muscle relaxant, Administered vs. not given −1.99 (0.57) <0.001 −0.92 (1.15) 0.425

Zero-inflated negative multivariable binomial regression analysis was performed. Reference groups of categorical
variables include general surgery, no use of muscle relaxant, and no use of propofol. Systolic blood pressure, SBP;
low SBP was defined according to age-adjusted blood pressure reference values and analyzed as a dichotomous
variable; β, regression coefficient; SE, standard error.

3.2. Relationship of SBP to Neuromuscular Blockade, Propofol, and Anesthetic Technique

Neuromuscular blockade was used in 72.2 percent of patients. Patients who received
neuromuscular blockade were more likely to have normal blood pressure in both prepa-
ration and surgical phases (Table 3, preparation phase, β = 6.15, p = 0.002; surgical phase,
β = 6.52, p < 0.001).

Table 3. Adjusted associations between risk factors and systolic blood pressure (as a continuous
variable) during the preparation and surgical phases.

Variables

Preparation Phase Surgical Phase

β (SE)
p

β (SE)
p

Unstandardized Standardized Unstandardized Standardized

Weight (kg) 3.72 (0.77) 4.53 (0.93) <0.001 3.36 (0.68) 4.08 (0.82) <0.001
Age (day) 0.07 (0.03) 2.29 (0.85) 0.008 0.07 (0.02) 2.20 (0.75) 0.004
Sex

Male −0.72 (1.76) 0.683 −2.01 (1.56) 0.199
Female Reference Reference

Race/Ethnicity
White −1.70 (1.77) 0.338 −1.21 (1.56) 0.437
Hispanic 1.81 (2.75) 0.511 −2.99 (2.44) 0.222
Others −3.40 (2.15) 0.114 −1.89 (1.89) 0.319
Black Reference Reference

ASA classification
II 0.71 (1.66) 0.670 −1.00 (1.48) 0.498
I Reference Reference

Surgery
Urology −3.44 (2.10) 0.103 −1.28 (1.84) 0.490
General Reference Reference

Sevoflurane (%) −1.34 (0.83) 0.109 −0.46 (0.89) 0.604
Propofol

Administered 1.53 (1.69) 0.365 3.24 (1.50) 0.031
Not given Reference Reference

Muscle relaxant
Administered 6.15 (1.95) 0.002 6.52 (1.70) <0.001
Not given Reference Reference

Multiple linear regression analysis was performed. The effect of weight and age was standardized using z-score
transformation. SBP, systolic blood pressure; low SBP was defined according to age-adjusted blood pressure refer-
ence values and was treated as a continuous variable for this analysis. β, regression coefficient; SE, standard error.

Propofol was given to 41.7% of patients. Use of propofol was not associated with
the number of low SBP measurements in either phase. There was an association between
propofol use and higher SBP during the surgical phase when SBP was analyzed as a
continuous variable (Table 3, β = 3.24, p = 0.031).
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Caudal anesthesia was used in 61.3% of patients. There was no association between
caudal anesthesia and low SBP (preparation phase, p = 0.271; surgical phase, p = 0.270).

3.3. Relationship of SBP to Age and Weight

SBP values during the preparation and surgical phases were positively correlated with
both age and weight. As shown in Figure 2, there were clear upward trends between weight
and SBP during both perioperative phases. The strength of the correlation was moderate
and statistically significant (correlation coefficient, r = 0.37 for SBP of preparation phase
and r = 0.40 for SBP of surgical phase, both p < 0.001). Comparably, the correlation between
age and SBP was slightly weaker in both phases but remained statistically significant
(r = 0.32 for SBP of preparation phase and r = 0.36 for SBP of surgical phase, both p < 0.001).
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Figure 2. A matrix of correlation coefficients, histograms, and scatterplots among systolic blood
pressure (SBP), age, and weight. Red line calculated using locally estimated scatterplot smoothing
(LOESS) curve fitting; gray shaded area represents the 95% confidence interval of the curve; the
ellipses represent one standard deviation of the x and y variables for each scatterplot.

The effects of age and weight on the perioperative SBP were further illustrated in the
multiple linear regression analysis controlling for possible confounders (Table 3). After
adjustment for sex, race/ethnicity, ASA PS, surgical service, sevoflurane, propofol, and
neuromuscular blocking agents, each kilogram increase in weight, on average, was sig-
nificantly associated with a 3.7 mmHg increase in SBP during the preparation phase and
a 3.4 mmHg increase during the surgical phase (both p < 0.001). In other words, SBP fell
by 3.7 and 3.4 mmHg per kilogram weight decrease during the preparation and surgical
phases, respectively. Age was also significantly associated with SBP. SBP decreased by
0.07 mmHg with each day decrease in age during both preparation and surgical phases
(p = 0.008 and p = 0.004, respectively); this can be equivalently interpreted that SBP de-
creased by 2.1 mmHg with each 30-day decrease in age.

While both weight and age were significantly associated with SBP, weight had a
stronger association with SBP with a larger standardized regression coefficient (β). During
the preparation phase, the association of weight with SBP was almost two times greater
than that of age (standardized β: 4.53 vs. 2.29; ratio of standardized β = 1.98). During the
surgical phase, weight continued to have a stronger association with SBP when compared
with age (standardized β: 4.08 vs. 2.20, ratio of standardized β = 1.85).
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4. Discussion

Our study’s primary aim was to determine patient and anesthetic factors associated
with low blood pressure in infants under general anesthesia and produced two main
findings. First, increasing age was negatively associated with low SBP during the surgical
phase, and SBP was linearly associated with patient age and weight, with weight having
a stronger correlation than age. Second, use of neuromuscular blockade was associated
with fewer occurrences of low SBP during the time period after intubation and prior to
the start of the surgical procedure. Use of a neuromuscular blocking agent was associated
with fewer low SBP measurements in the preparation phase. Neuromuscular blockade use
may result in lower doses of anesthetic agents being given at induction of anesthesia to
facilitate intubation. Most induction agents decrease blood pressure; thus, this possible
sparing effect from neuromuscular blockade may result in higher SBP.

We observed lower rates of low blood pressure than previously reported by most
other studies of blood pressure in infants under anesthesia. We attribute this observation
to our definition of low blood pressure; one study using a similar definition of low blood
pressure found comparable rates of low blood pressure in anesthetized children [9]. Earlier
studies defined low blood pressure as a decrease from a baseline SBP value or an absolute
mean arterial pressure (MAP) value. Multiple studies have used absolute MAP less than
35 mmHg in this age group, since cerebral metabolic oxygen reserve was found to decrease
in this range [10]. However, at least half of infants under 6 months of age experience MAP
values less than 35 mmHg during general anesthesia [11–13]. Conversely, a definition of
low blood pressure based on a relative change from an awake baseline blood pressure
suffers from difficulty obtaining accurate blood pressure values prior to induction, par-
ticularly since agitated patients may have falsely elevated blood pressure [14]. Although
the definition of low blood pressure in our study differed from most previous studies, we
observed similarly that low blood pressure was associated with decreased age and weight,
with weight having a stronger effect than age. These findings align with prior work that
found associations between blood pressure and both weight and age [5,11,15].

There was an association between propofol use and higher SBP during the surgical
phase when SBP was analyzed as a continuous variable. This observation highlights the
importance of biological and clinical plausibility as well as correlation versus causation in
any retrospective study. Propofol administration in the surgical phase likely occurred in the
context of deepening a “light” anesthetic; thus, one might speculate that a higher SBP was
then returned closer to baseline after propofol administration, rather than the expectation
of low SBP after propofol is given. In contrast, we did not find an association between
propofol use and the number of low SBP measurements during either phase when low
blood pressure was analyzed as a dichotomous variable. Use of propofol and sevoflurane
during induction was a risk factor for pre-incision low blood pressure in a study of pediatric
patients who were 1 to 17 years old [16]. Propofol use was not associated with low blood
pressure in a recent study by Pasma et al., but that study had a low rate of propofol use and
included older children undergoing a variety of procedures [9]. Use of a neuromuscular
blocking agent (atracurium) in the same study was infrequent and not associated with
changes in blood pressure [9]. Studies of propofol use in older children for sedated imaging
studies found that SBP decreased after propofol [17,18]. Conversely, a study of induction
propofol boluses found no change in SBP in the setting of pretreatment with atropine [19].
Two studies analyzing propofol induction dosages found that SBP decreased after propofol
induction, but this decrease was not dose dependent [20,21].

We did not observe an association between low SBP and the use of either caudal
epidural local anesthetic or opioids. In the general anesthesia or awake-regional anesthesia
in infancy (GAS) study, a higher incidence of hypotension was seen in patients receiving
general anesthesia compared with spinal anesthesia for inguinal herniorrhaphy. Many
patients in the general anesthesia arm of the GAS study received caudal epidural local
anesthetic; caudal anesthesia was not analyzed separately as a factor influencing blood
pressure [11].
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The avoidance of low blood pressure in infants is a worthwhile goal to limit the poten-
tial for hypoperfusion of the brain and other organs [4,12]. Depth of anesthesia monitoring
with devices such as near infrared spectroscopy and processed electroencephalogram
monitors has become increasingly prevalent in pediatric anesthesia to optimize anesthetic
delivery and decrease the incidence of overly deep anesthesia [22–24]. Infants especially
are subject to isoelectric encephalography during anesthesia for surgery [25]. Our study
findings suggest that using a neuromuscular blocking agent rather than relying on higher
doses of propofol for intubation may reduce the likelihood of low blood pressure in this
patient population. This association between anesthetic management and isoelectric events
in infants undergoing general anesthesia remains an area for current and future research.

Our study focused on infants’ blood pressure rather than heart rate to complement
the research that has been conducted on this topic since the study by McCann et al. that
implicated intraoperative hypotension rather than heart rate as a cause for postoperative
infantile encephalopathy [5,9–13]. However, infants from birth to 6 months experience
rapid changes in standard SBP values, and since the stroke volume of an infant’s heart
does not vary significantly, heart rate is generally considered more important than blood
pressure [26]. This interplay between heart rate, blood pressure, and cerebral autoregulation
remains an important area for future research [4].

Our study had several limitations. First, a retrospective observational study can
only describe associations and cannot establish causation between anesthetic agents and
low blood pressure. Second, we analyzed categories of medications rather than dosages
because of the prohibitively complex heterogeneity in administered drugs, the timing of
drug administration, and patients’ weights and ages. Thus, while the observed association
between neuromuscular blockade and SBP might be attributed to reduced administration
of induction agents, we were unable to analyze induction medication dosages. Third,
artifactual SBP readings could have been included in the analysis. While we identified
and excluded certain vital sign artifacts based on our filtering criteria, artifacts could have
remained that impacted our findings. Blood pressure was measured noninvasively per
our standard approach in healthy infants undergoing herniorrhaphy. A study of non-
invasive and arterial line blood pressure readings found that noninvasive monitors were
accurate during normotension, but were more likely to be falsely normal when the infant
was hypotensive [27]. This type of error might have contributed to an underestimation
of the incidence of low blood pressure in our study. Fourth, while the study population
included prematurely born infants, we did not consider this as a variable in our analysis.
Fifth, given the margin of error of non-invasive blood pressure measurement in infants,
small differences in SBP may have limited clinical relevance. Sixth, while fasting times
have been associated with low blood pressure [28], we were unable to include this factor
as a variable because of missing data. Seventh, we selected a definition of low blood
pressure that was based on normograms published with multicenter data [7]. However,
defining clinically relevant hypotension in infants remains a challenge and an area of active
research and debate [29,30]. The use of different definitions of low SBP could certainly
produce different findings, and this challenge highlights the importance of applying existing
and new technologies to explore hypotension in infants [31]. Eighth, at our institution,
the anesthetic management for inguinal hernia repairs consists nearly exclusively of the
medication groups that we included in our analysis. The use of vasopressors or other
medications with hemodynamic effects is extremely rare. Researchers at other institutions
may observe different rates of hypotension and associations with medications based on their
local practices. Ninth, due to complex heterogeneity in dosing and timing of propofol and
other medications in this retrospective analysis of real-world clinical data, we focused our
analysis on simplified medication groups rather than granular medication administration
dose and time data. This also precluded the granular analysis of propofol and muscle
relaxant dosing. This remains an ongoing challenge with retrospective analyses of electronic
health record data that can primarily be addressed by prospective randomized trials. Tenth,
the number of events is relatively small and this could have affected the multivariable
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model. Eleventh, fluid data have been notoriously unreliable in our institution based on
our experience of analyzing it and trying to incorporate it into analyses for other studies,
only to abandon it for poor quality [15]. Thus, we did not include fluid administration in
this study. Twelfth, we did not perform analysis of whether having hypotension in the
preparation phase exposed patients to greater risk of low SBP in the surgical phase. This
is clearly an important factor for future study. Lastly, benzodiazepines are not routinely
administered in patients in this study population—in fact, only one patient received a
benzodiazepine, and this patient already met another exclusion criterion. Thus, we did not
include benzodiazepines in our analysis. Despite these limitations, the strengths of our
study include the use of a population-derived definition of blood pressure, the uniform
nature of the surgical procedure, and a healthy patient population. These factors allowed
us to analyze the anesthetic management approach for associations with low SBP that are
generalizable to clinicians who manage these patients in a similar fashion.

In conclusion, younger age and lower weight were associated linearly with lower
SBP in healthy infants under general anesthesia, and a neuromuscular blocking agent
administered during induction of anesthesia was associated with fewer occurrences of low
SBP in the preparation phase. The greater hemodynamic stability in the neuromuscular
blocking agent group may not be due to the use of these agents, but to the avoidance
of high doses of propofol. Future implications of this study include informing quality
improvement initiatives of nonmodifiable and potentially modifiable factors to reduce the
incidence of low blood pressure in infants during inguinal hernia repair as well. Future
studies should explore the optimal induction approach to minimize low blood pressure in
infants undergoing general anesthesia.
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