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Abstract  

Background: Intraoperative hypotension (IOH) is common in infant anesthesia, but its long-term 

impact on neurodevelopment remains poorly defined in non-cardiac surgery. This study aimed to 

investigate the association between the severity and duration of IOH and neurodevelopmental 

outcomes at 24 months of age. 

 

Methods: A prospective observational cohort study was conducted in a tertiary pediatric hospital. We 

enrolled 150 full-term infants aged <12 months undergoing elective major abdominal or thoracic 

surgery lasting >2 hours. Invasive mean arterial pressure (MAP) was recorded. IOH was defined as a 

MAP less than the age-specific threshold (MAP < 40 mmHg for 0-2 months, <45 mmHg for 3-5 months, 

<50 mmHg for 6-12 months). The primary outcome was the Bayley Scales of Infant and Toddler 

Development, Fourth Edition (Bayley-4) composite cognitive score at 24 months. Secondary outcomes 

included Bayley-4 motor and language scores. 

 

Results: The median (IQR) cumulative duration of IOH was 18.5 (6.0-35.2) minutes. Multivariable linear 

regression, adjusting for gestational age at birth, preoperative illness severity, surgery type, and 

baseline maternal education, revealed that each 10-minute increase in IOH duration was associated 

with a 1.2-point decrease in the 24-month cognitive composite score (β = -1.2, 95% CI: -2.1 to -0.3; 

p=0.009). Infants with IOH duration >20 minutes (n=62) had significantly lower mean cognitive scores 

compared to those with ≤20 minutes (94.3 vs. 101.7, p=0.002). 

 

Conclusion: A longer duration of intraoperative hypotension, defined by age-specific thresholds, was 

independently associated with lower neurodevelopmental scores at 24 months in infants undergoing 
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major non-cardiac surgery. These findings highlight the potential neurodevelopmental vulnerability of 

the infant brain to hemodynamic instability. 

 

Keywords: Intraoperative Hypotension; Infant; Anesthesia; Neurodevelopment; Outcomes; Pediatrics. 

Introduction 

The infant brain undergoes rapid, experience-dependent development, making it potentially 

vulnerable to physiological insults during anesthesia and surgery [1]. While substantial research has 

focused on anesthetic agents themselves, perioperative hemodynamic management is a critical 

modifiable factor. Intraoperative hypotension (IOH) is a frequent occurrence during pediatric 

anesthesia, with reported incidences as high as 90% in neonates [2]. The autoregulatory curve of 

cerebral blood flow in infants is believed to be narrow and right-shifted, meaning cerebral perfusion 

may become pressure-passive outside a tight mean arterial pressure (MAP) range [3]. Consequently, 

even brief periods of hypotension could risk cerebral hypoperfusion and subsequent injury. 

Despite this physiological concern, evidence linking IOH to long-term neurodevelopmental outcomes 

in infants is primarily derived from cardiac surgery populations or studies using non-age-specific adult 

hypotension definitions [4]. Data for infants undergoing major non-cardiac surgery—a large and 

growing patient group—remain sparse and inconclusive. 

Determining whether a dose-response relationship exists between the magnitude/duration of IOH and 

neurodevelopmental outcomes is crucial. If a significant association is established, it would provide a 

strong impetus for refining hemodynamic management strategies in infant anesthesia to potentially 

improve long-term cognitive trajectories. This study aimed to fill this critical knowledge gap by 

prospectively investigating the association between age-specific IOH and 24-month 

neurodevelopmental outcomes in a cohort of infants undergoing major non-cardiac surgery. 

Objectives 

1. To quantify the incidence, depth, and cumulative duration of intraoperative hypotension, 

defined by age-specific MAP thresholds, in infants undergoing major non-cardiac surgery. 

2. To evaluate the association between the cumulative duration of IOH and neurodevelopmental 

outcomes, as measured by Bayley-4 composite scores, at 24 months of age. 

3. To examine the association between the depth (lowest MAP) of IOH and the same 

neurodevelopmental outcomes. 

Materials and Methods  

Study Design and Setting: A prospective, single-center, observational cohort study was conducted at 

a university-affiliated tertiary pediatric hospital over a 36-month enrollment period. The study received 

approval from the Institutional Review Board. Written informed consent was obtained from the 

parents or legal guardians of all participants. 

Participants: We enrolled 150 full-term infants (gestational age ≥37 weeks at birth), aged less than 12 

months (corrected for prematurity if applicable), scheduled for elective major abdominal (e.g., 

laparotomy for Hirschsprung's disease, biliary atresia repair) or thoracic (e.g, thoracotomy for 

congenital lung malformation) surgery with an anticipated duration >2 hours. Exclusion criteria were: 

known congenital heart disease, major congenital brain malformation or known genetic syndrome 

affecting neurodevelopment, preoperative hemodynamic instability requiring vasoactive support, 
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severe preoperative neurological injury (e.g., grade IV intraventricular hemorrhage), or parental 

inability to complete follow-up assessments. 

Anesthetic Management: A standardized anesthetic protocol was recommended but not mandated, 

reflecting real-world practice. General anesthesia was induced and maintained with volatile 

anesthetics (sevoflurane/isoflurane) or total intravenous anesthesia (propofol), supplemented with 

opioids (fentanyl/remifentanil) and neuromuscular blockade at the discretion of the attending 

pediatric anesthesiologist, who was blinded to the study hypothesis. All patients had invasive arterial 

cannulation for continuous blood pressure monitoring as part of standard care for these procedures. 

Data Collection: 

 Intraoperative Variables: All hemodynamic data were captured electronically from the patient 

monitor (Philips IntelliVue MX750) at 1-minute intervals via a dedicated data acquisition 

system (ixTrend, ixellence GmbH). Data extracted included: systolic, diastolic, and mean 

arterial pressure (MAP), heart rate, end-tidal CO2, and SpO2. Surgical and anesthetic records 

provided data on surgery type and duration, anesthetic agents, fluid administration, blood 

loss, transfusion, and vasoactive drug use. 

 IOH Definition: The primary exposure was IOH defined by age-specific absolute MAP 

thresholds: <40 mmHg for infants 0-2 months, <45 mmHg for 3-5 months, and <50 mmHg for 

6-12 months [5]. The cumulative duration (in minutes) of MAP below this threshold was 

calculated for each patient. The depth of hypotension was defined as the lowest MAP recorded 

as a percentage of the age-specific threshold. 

 Outcome Assessment: The primary outcome was the cognitive composite score of the Bayley 

Scales of Infant and Toddler Development, Fourth Edition (Bayley-4), administered by a 

trained, blinded psychologist at 24 months (± 2 months) corrected age. Secondary outcomes 

were the Bayley-4 motor and language composite scores. A score of 100 represents the 

normative mean (SD 15). 

 Covariates: Potential confounding variables were collected prospectively: gestational age at 

birth, birth weight, sex, maternal education level (as a proxy for socioeconomic status), 

preoperative Pediatric Risk Assessment (PRAm) score, surgery type and duration, and 

intraoperative use of vasopressors. 

Statistical Analysis: Data were analyzed using Stata version 18.0. Normality was assessed using 

Shapiro-Wilk tests. Descriptive statistics were reported as mean (SD), median (IQR), or n (%). The 

primary analysis used multivariable linear regression to assess the association between the 

cumulative duration of IOH (primary exposure, treated as a continuous variable) and the Bayley-4 

cognitive score (primary outcome). Prespecified covariates (gestational age, maternal education, 

PRAm score, surgery type) were included in the model. A sensitivity analysis dichotomized IOH 

duration at the median (20 minutes). The association between the depth of hypotension and 

outcomes was analyzed similarly. A p-value <0.05 was considered significant. 
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Results 

Of 165 infants assessed, 150 met criteria and completed the 24-month follow-up (follow-up rate: 91%). 

Patient demographics and perioperative characteristics are presented in Table 1. 

 

Table 1: Patient Demographics and Perioperative Characteristics (N=150) 

Characteristic Value 

Age at surgery, months 5.2 (2.8) [Mean (SD)] 

Weight at surgery, kg 6.5 (1.8) [Mean (SD)] 

Sex, Male 92 (61.3%) 

Gestational age at birth, weeks 38.8 (1.2) [Mean (SD)] 

Maternal education, University level 87 (58.0%) 
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Type of surgery: Abdominal / Thoracic 112 (74.7%) / 38 (25.3%) 

Surgery duration, minutes 185 (135-240) [Median (IQR)] 

Preoperative PRAm score 3.0 (2.0-4.0) [Median (IQR)] 

Intraoperative vasopressor use 45 (30.0%) 

IOH, as defined by age-specific thresholds, occurred in 138 infants (92%). The median cumulative 

duration of IOH was 18.5 minutes (IQR: 6.0-35.2). The distribution was skewed, with 62 infants (41.3%) 

experiencing IOH for >20 minutes. 

 

Table 2: Association between IOH Duration and Bayley-4 Scores at 24 Months 

Outcome Unadjusted Mean 

Score (SD) IOH ≤20 

min (n=88) 

Unadjusted Mean 

Score (SD) IOH >20 

min (n=62) 

p-value 

(t-test) 

Adjusted β-

coefficient* (95% 

CI) per 10-min IOH 

p-

value 

Cognitive 

Composite 

101.7 (12.4) 94.3 (14.1) 0.002 -1.2 (-2.1, -0.3) 0.009 

Language 

Composite 

99.8 (13.0) 95.1 (15.6) 0.051 -0.8 (-1.7, 0.1) 0.079 

Motor 

Composite 

98.5 (14.2) 96.0 (13.8) 0.280 -0.5 (-1.3, 0.3) 0.240 

*Adjusted for gestational age, maternal education, PRAm score, and surgery type. 

The primary adjusted analysis (Table 2) demonstrated a statistically significant inverse association 

between the cumulative duration of IOH and the 24-month cognitive score. Each additional 10 minutes 

spent in IOH was associated with a 1.2-point decrease in the cognitive composite score. Infants with 

IOH >20 minutes had a mean cognitive score 7.4 points lower than those with shorter IOH duration in 

unadjusted analysis. No statistically significant associations were found for language or motor scores 

in the adjusted model. The depth of hypotension (lowest MAP %) was not significantly associated with 

any Bayley-4 domain score in adjusted models. 
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Discussion  

The principal finding of this prospective observational study is that a longer cumulative duration of 

intraoperative hypotension, defined by age-specific absolute MAP thresholds, was independently 

associated with lower neurodevelopmental outcomes at 24 months of age in infants undergoing major 

non-cardiac surgery. Specifically, each additional 10 minutes of IOH was associated with a 1.2-point 

decrease in the Bayley-4 cognitive composite score. This "dose-response" relationship persisted after 

adjustment for key sociodemographic and clinical confounders, strengthening the argument for a 

potential causal link. 

Our results align with a growing body of literature suggesting the infant brain is exquisitely sensitive to 

hemodynamic perturbations. The finding that duration, rather than the single deepest value, of 
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hypotension was predictive is physiologically plausible. It suggests a threshold model of injury where 

the cumulative "dose" of reduced cerebral perfusion pressure, rather than an isolated nadir, may be 

critical. This mirrors findings in adult and cardiac surgery literature, where "area under the curve" or 

time-weighted average measures of hypotension often correlate better with outcomes like acute 

kidney injury or delirium than single threshold breaches [6]. Our study extends this concept to 

neurodevelopment in infants. The lack of association with the depth of hypotension may reflect 

effective clinical responses to profound drops in MAP (e.g., prompt vasopressor use), whereas milder, 

sustained hypotension may go uncorrected, leading to cumulative subclinical hypoperfusion. 

Comparing our findings to similar studies reveals both concordance and important distinctions. 

McCann et al., in the GAS trial, found no difference in 5-year neurodevelopmental outcomes between 

sevoflurane-based general anesthesia and awake-regional anesthesia in infants, indirectly suggesting 

that exposure to a single, brief anesthetic may not be harmful [7]. However, their protocol mandated 

strict hemodynamic control, with MAP maintained within 20% of baseline. Our study complements 

this by focusing on a specific intraoperative physiologic derangement within a general anesthetic, 

suggesting that how anesthesia is conducted, specifically hemodynamic management, may be as 

important as the choice of anesthetic agent. Conversely, a retrospective study by de Graaff et al. found 

an association between profound hypotension (MAP < 35 mmHg) and new postoperative MRI brain 

injuries in neonates undergoing non-cardiac surgery [8]. While their outcome was acute radiographic 

injury and ours was long-term function, both studies point to the same physiologic insult. Our use of 

age-specific, higher thresholds likely captured more clinically relevant, albeit less profound, 

hypotension that may not cause overt infarction but could disrupt synaptic pruning and neuronal 

connectivity, manifesting as subtle cognitive deficits. 

The domain-specific effect—significant for cognitive but not motor or language scores—is noteworthy. 

This pattern has been observed in follow-up studies of children with congenital heart disease, where 

executive function and core cognitive processing are often more impaired than global motor skills [9]. 

It is possible that watershed areas of the brain supporting higher-order integrative functions are more 

vulnerable to hypoperfusion or that the developmental timeline of these skills makes them a more 

sensitive marker at 24 months. Language development, heavily influenced by postnatal environmental 

input, may be more resilient to a single intraoperative insult or may show deficits at a later age. 

Several mechanistic pathways could underlie the observed association. First, direct hypoxic-ischemic 

injury from pressure-passive cerebral circulation is a primary concern [3]. Second, hypotension often 

triggers sympathetic activation and inflammatory responses; both catecholamines and cytokines can 

independently affect neuronal development and synaptic plasticity [10]. Third, hypotension may lead 

to reduced delivery of anesthetics or other drugs, but this is a less likely primary mechanism for long-

term effects. Our study was not designed to delineate these mechanisms, but the association calls for 

further investigation into them. 

Our study has several strengths: the prospective design, use of high-resolution automated 

hemodynamic data capturing every minute of surgery, application of age-specific physiologic 

thresholds, a standardized blinded outcome assessment at a consistent age, and adjustment for key 

socioeconomic confounders like maternal education. However, limitations must be acknowledged. 

First, the observational design cannot prove causation; despite adjusting for known confounders, 

residual confounding (e.g., by underlying disease severity not captured by PRAm score) is possible. 

Second, the single-center design may limit generalizability, though our protocol reflected real-world 

practice. Third, while the Bayley-4 is the gold standard, neurodevelopment at 24 months is not fully 

predictive of later childhood function; longer-term follow-up is essential. Fourth, we did not measure 
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cerebral oxygenation (e.g., via NIRS), which is the true physiologic variable of interest linking MAP to 

cerebral well-being. 

The clinical implications of our findings are significant. They provide a strong rationale for 

interventional trials aimed at determining whether more aggressive management of IOH—using age-

specific targets and potentially aided by cerebral oximetry—can improve neurodevelopmental 

outcomes. Anesthesiologists should be aware of the potential long-term stakes of seemingly routine 

intraoperative hypotension in infants. Our data suggest that strategies minimizing the duration of 

hypotension, even if brief episodes cannot be entirely avoided, may be beneficial. 

In conclusion, this study provides robust prospective evidence linking the cumulative duration of age-

specific intraoperative hypotension to worse cognitive outcomes at 24 months in a vulnerable infant 

surgical population. It shifts the focus from avoiding isolated deep hypotensive episodes to minimizing 

the total burden of hypotension. These findings underscore the importance of hemodynamic stability 

as a key component of neuroprotective anesthesia in infants. 

Conclusion 

In this prospective observational cohort study, a longer cumulative duration of intraoperative 

hypotension, defined using age-specific mean arterial pressure thresholds, was independently 

associated with lower cognitive development scores at 24 months of age in infants undergoing major 

non-cardiac surgery. This association exhibited a dose-response relationship and was specific to the 

cognitive domain. While causation cannot be inferred, these findings highlight intraoperative blood 

pressure management as a critical potential modifiable factor for improving long-term outcomes in 

pediatric anesthesia. They justify and inform the design of future randomized controlled trials testing 

goal-directed hemodynamic strategies aimed at minimizing hypotension exposure in this vulnerable 

population. 
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