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ABSTRACT (150 words exactly) 

Preclinical studies in rodents and non-human primates demonstrate anesthesia-induced 

neuroapoptosis in the developing brain. This prompted an FDA black-box warning for 

anesthetic agents in children <3yrs, despite no robust molecular or clinical data in humans. 

Here we report results of the BRAIN study, which used validated brain-specific cell-free DNA 

(cfDNA) methylation biomarkers to detect neuroapoptosis during prolonged general 

anesthesia. Following IRB approval and parental consent, serial plasma samples were collected 

from infants (≤12m) and young children (1–3yrs) undergoing anesthesia ≥3hrs; older children 

and adults served as controls. We quantified cfDNA derived from neurons, astrocytes and 

oligodendrocytes, with hepatocyte-derived cfDNA as a reference. General anesthesia was 

associated with a mild temporal increase in astrocyte-derived cfDNA (p=0.001) with a modest 

age interaction (p=0.003). No significant changes were observed for neurons or 

oligodendrocytes, or non-brain biomarkers. Signals were markedly lower than in established 

neuroinjury states, suggesting no widespread or clinically meaningful neuroapoptosis. 

 

  



Prolonged exposure to any of numerous anesthetic drugs triggers accelerated neuroapoptosis 

in fetal and infant rodents, piglets, and non-human primates1-8. The degree and distribution of 

neuroapoptosis appear to correlate both with the age of the animal at the time of exposure and 

with the cumulative duration of exposure9-11. Animal studies further suggest that this 

neuroapoptosis may be associated with adverse neurologic and behavioral development9,12-16. 

The impact of anesthetic drugs on the developing human brain is not known. In experimental 

models, neuroapoptosis is demonstrated by sectioning and staining the brains of animal 

subjects; this is obviously not possible with human subjects, and human studies have thus been 

limited to neurodevelopmental, rather than molecular or cellular, testing. 

Retrospective studies in children are subject to considerable bias and have yielded conflicting 

results17-19. The only randomized prospective study conducted to date concluded that a single, 

brief (<1 hour) exposure to general anesthesia in infancy does not introduce measurable 

neurodevelopmental changes20. Despite the paucity of human data, the Federal Drug 

Administration warned that “repeated or lengthy use of general anesthetic and sedation drugs 

during surgeries or procedures in children younger than 3 years or in pregnant women during 

their third trimester may affect the development of children’s brains.”21 

Dying cells release DNA fragments into the bloodstream, and the presence of circulating cell-

free DNA (cfDNA) in plasma can serve as an indicator of ongoing cell death. Tissue-specific DNA 

methylation patterns allow identification of the source tissue of cfDNA22-25.  Since the half-life 

of cfDNA is about 15 minutes26,27, the presence of cfDNA fragments from a specific tissue 

provides indirect evidence of recent organ-specific cell death. We and others have previously 



demonstrated tissue-specific cfDNA elevations in multiple pathologies, including elevations in 

brain-derived cfDNA associated with ischemia28, inflammation22, cancer25, and acute 

psychosis30. We designed the BRAIN study (Biomarker Response to Anesthesia-Induced 

Neuroapoptosis) to use brain-derived cfDNA biomarkers to objectively assess molecular 

evidence of neuroapoptosis in humans following prolonged general anesthesia in infants and 

young children. 

RESULTS 

Population 

Sixty patients were recruited for data and blood collection between June 2019 and November 

2023 (patient recruitment was halted during the COVID19 pandemic). Technical difficulties 

precluded extraction of eDNA from baseline and/or end-of-surgery samples in three patients, 

leaving data from 57 patients for analysis. 

Demographics  

Demographic data are summarized in Table 1. Among the 57 patients included, 41 (72%) were 

male and 16 (28%) were female. Ages ranged from 2 months to 45 years (median 19 months, 

IQR 14-59.5). Eighteen (31.6%) were infants (≤12 months), 21 (36.8%) were toddlers (13-36 

months), and 18 (31.6%) were older children (3-12 years) or adults (>12). One toddler was a 

former premature infant (born at 34 weeks gestation). Twenty-one patients (37%) had been 

previously exposed to one or more (range 1 to 7) general anesthetics. Forty-six (81%) of the 

analyzed anesthetics were for urological procedures (most commonly pyeloplasty or 

hypospadias repair), of which 33 also received caudal anesthesia. The remaining 11 patients 

underwent either plastic or dental surgery. Mean ± standard deviation of anesthesia duration 



was 196 ± 53 minutes (median 195, IQR 160-235, range 90-300). Cumulative exposure ranged 

from 1.3-9.4 MAC-hours (median 4, IQR 2.9-5). Six (11%) received total intravenous anesthesia 

(TIVA); in these cases, 1 hour of propofol was counted as 1 MAC-hour. All patients except for 

one received opioids (fentanyl and/or morphine). Anesthetic drugs received included any 

combination of nitrous oxide, sevoflurane, isoflurane, propofol, midazolam, fentanyl, morphine, 

and epidural (caudal) bupivacaine. Ten patients (18%) developed hyperthermia ≥38oC (up to 

39oC) at some point during their intraoperative course; 28 patients (49%) received steroids 

(dexamethasone, used for nausea prophylaxis). There were no recorded incidents of sustained 

hypoxemia or hemodynamic instability. 

For cfDNA analysis, patients were categorized into three age groups: ≤12 months, 13–36 

months, and >36 months. 

Cell free DNA (cfDNA)  

We obtained 324 blood samples from 57 patients. We extracted 324 analyzable cfDNA results 

for each of astrocytes and hepatocytes, 318 analyzable cfDNA results for neurons, and 292 for 

oligodendrocytes. As described above, cfDNA for each of astrocytes, oligodendrocytes and 

hepatocytes was averaged from 3 loci, and cfDNA for neurons was averaged from 4 loci. Hence, 

in total, we obtained 1,258 analyzable average cfDNA data points from 4,092 cell-specific PCR-

amplified sequences. 

The entire raw data spreadsheet is available as Supplementary File 1; the full SPSS output file as 

Supplementary File 2, and the summary easy-to-read table of all data assessments as 

Supplementary File 3. 



Data for each patient were analyzed using a baseline sample plus at least one intraoperative 

and an end-of-surgery sample. There were 57 baseline data points, 51 at 1 hour, 51 at 2 hours, 

33 at 3 hours, 10 at 4 hours, 3 at 5 hours, and 55 at the end of surgery. Where an end-of-

surgery sample was not available, the last intraoperative sample served as substitute. 

Additionally, we obtained PACU samples in 31 patients.  

Background signals of brain-derived cfDNA were detected in all patient groups at baseline 

(before any impact of anesthesia). Baseline cfDNA signals for each cell type by age are depicted 

in Supplementary Figure 1. Baseline levels of brain-derived cfDNA appear visually to be most 

prominent in the youngest cohort and decline with age, although this trend did not approach 

statistical significance: neurons, p = 0.53; astrocytes, p = 0.22; and oligodendrocytes, p = 0.48. 

 The data comparing baseline cfDNA, average intraoperative cfDNA, and end-of-surgery cfDNA 

are presented in Figure 1 for the markers of the 3 brain cell types (neurons, astrocytes and 

oligodendrocytes) and the non-brain cfDNA references (hepatocytes and total cfDNA). 

The data comparing baseline cfDNA, maximum intraoperative cfDNA and end-of-surgery cfDNA 

are presented in Supplementary Figure 2.  

(A) Brain-derived cfDNA 

(i) Neurons: Log-transformed data using the average of intraoperative data points did not 

show an effect of time (p = 0.13). There was also no evidence of a time × age interaction (p 

=0.21). Age grouping exerted no significant effect on neuron cfDNA levels (p =0.045). Scheffé 

post hoc comparisons revealed no significant differences between any groups. The effect of 



time was still not significant when RM-ANOVA used the maximum rather than the average 

intraoperative data. 

(ii) Astrocytes: Log-transformed data using the average of intraoperative data points 

showed a significant effect of time (p = 0.001). There was a significant time × age interaction (p 

= 0.003. Age grouping exerted a significant effect on astrocyte cfDNA levels (p =0.005). Scheffé 

post hoc comparisons revealed significant differences between the youngest and oldest 

children’s groups only; ≤1 year vs >3 years: mean difference +1.09 (p = 0.006); none of the 

other between age-group comparisons were significant. When we controlled for gender, fever, 

steroids, caudal anesthesia and prior general anesthesia, the effect of time was no longer 

significant (p = 0.069). The effect of time was still not significant when RM-ANOVA used the 

maximum rather than the average intraoperative data. 

(iii) Oligodendrocytes: Log-transformed data using the average of intraoperative data points 

did not show an effect of time (p = 0.13). There was also no evidence of a time × age interaction 

(p =0.39). Age grouping exerted no significant effect on oligodendrocyte cfDNA levels (p = 

0.072). Scheffé post hoc comparisons revealed no significant differences between any groups. 

The effect of time was still not significant when RM-ANOVA used the maximum rather than the 

average intraoperative data. 

(B) Non-brain-derived cfDNA:  

(i) Hepatocytes 

Log-transformed data using the average of intraoperative data points did not show an effect of 

time (p = 0.96). There was also no evidence of a time × age interaction (p = 0.83). Age grouping 

exerted no significant effect on liver-derived cfDNA levels (p = 0.14). Scheffé post hoc 



comparisons revealed no significant differences between any groups. The effect of time was 

still not significant when RM-ANOVA used the maximum rather than the average intraoperative 

data. 

(ii) Total cfDNA concentration 

Log-transformed data using the average of intraoperative data points did not show an effect of 

time (p = 0.089). There was also no evidence of a time × age interaction (p = 0.22). Age grouping 

exerted no significant effect on total cfDNA levels (p = 0.11). Scheffé post hoc comparisons 

revealed no significant differences between any groups. The effect of time was still not 

significant when RM-ANOVA used the maximum rather than the average intraoperative data. 

(C) PACU 

Among the subset of 31 patients for whom PACU (1-hour postop) data were available, no 

significant difference was noted for any of the cell types between end-of-surgery and PACU 

signals (Supplementary Figure 3). 

(D) Frame of reference: 

In order to provide a quantitative frame of reference for the brain-derived cfDNA signals 

observed in this study, we display graphically the signals observed in the BRAIN study alongside 

those observed in other clinically-relevant scenarios including brain metastasis25, and pediatric 

cardiac surgery with cardiopulmonary bypass45 (see Figure 2). For the demographics of these 

two control populations see Supplementary File 5. 

  



DISCUSSION 

At clinically relevant doses and durations of general anesthesia, we found a very modest rise in 

select subtypes of brain-derived cfDNA following surgery under general anesthesia. In all age 

groups, astrocyte biomarkers rose with time, whereas neurons, oligodendrocytes and non-brain 

reference biomarkers (liver and total cfDNA) did not. Except for astrocytes, where the rise in 

astrocyte cfDNA was highest in infants, the degree of change over time was independent of 

age. 

This study constitutes the first use of molecular biomarkers (cfDNA) to detect neuroapoptosis 

following exposure to general anesthesia in humans. Previous clinical studies attempting to 

assess neurotoxicity following general anesthesia have been limited to neurodevelopmental 

testing17-20, typically long after the exposure. Tissue-specific cfDNA facilitates “liquid biopsy”34 

of human brains to evaluate cellular, and not only behavioral, responses to anesthetic 

exposure. 

In brain-derived cfDNA, we observed either no change (neurons and oligodendrocytes) or very 

modest change (astrocytes). It is unclear how to interpret the modest changes detected in the 

latter cell type. There is no standardized threshold to distinguish clinically significant from 

clinically insignificant levels of brain-derived cfDNA, or to suggest what level may be indicative 

of accelerated neuroapoptosis. Direct comparison between the subtle perioperative changes in 

cfDNA observed in the BRAIN study versus the robust rise observed in the clinical settings of 

brain metastasis, and cardiopulmonary bypass, suggest that the perioperative changes in cfDNA 

biomarkers are negligible, when present at all. 



The medical community, and the wider community of patients and families, has been 

concerned with anesthesia exposure primarily in infancy and early childhood, when physiologic 

cell turnover is highest35. The molecular and behavioral studies that demonstrated anesthesia-

induced neuroapoptosis in mice, rats, and monkeys emphasized the unique susceptibility of 

fetal and neonatal brains36-39. Consequently, the FDA warning was limited to children under 3 

years of age. In the BRAIN study, even among cell types in which we detected an increase in 

cfDNA, the increase was age-sensitive only in astrocytes. 

Our overall findings are reassuring. The minimal rise in perioperative brain-derived cfDNA and 

the general lack of an interaction with age are both consistent with neurobehavioral clinical 

data in humans, which found no evidence that anesthesia exposure in early life adversely 

affects subsequent neurodevelopment17,18,20.  

Important limiting factors highlighted in prior clinical studies were incorporated into the design 

of the BRAIN study. In contrast to animal models of anesthesia-induced neuroapoptosis, clinical 

patients never receive anesthesia in the absence of an accompanying diagnostic or therapeutic 

procedure. It is difficult to distinguish between the effects of anesthesia, the effects of surgery, 

and the effects of the underlying condition that necessitated surgery. Surgery induces a 

complex inflammatory response40, and that inflammatory response may itself alter a variety of 

molecular and other biochemical processes in the brain. We limited the BRAIN study to patients 

undergoing anesthesia for lengthy surgical procedures associated with minimal tissue damage 

and minimal perioperative cardiorespiratory lability (typically urological procedures). The ideal 

procedure might have been a non-invasive diagnostic imaging study with no surgical stimulus; 

however, these procedures are typically brief. Since the animal studies that sparked concern 



about anesthesia-induced neurotoxicity relied on longer exposure times, and since the FDA 

advisory explicitly references an exposure time of ≥3 hours21, we deliberately selected surgical 

procedures predicted to last at least three hours. Indeed, the mean and median anesthesia 

times in our study were well in excess of three hours. By contrast, median anesthesia time in 

the GAS study was 54 minutes20. 

A potential limitation of the BRAIN study relates to the ability of a clinical biomarker, sampled a 

finite number of times, to reliably capture the time course of anesthesia-induced 

neuroapoptosis. A key element to this limitation is the delayed appearance of plasma cfDNA 

after apoptosis. By contrast with infarction or direct tissue injury, where cfDNA is detectable in 

plasma within minutes41-43, apoptosis involves a series of programmed, methodical, stepwise 

molecular processes that culminate in cell death, with cfDNA typically not appearing before 30 

minutes and peaking only at 2-6 hours38,44.  Two other factors that undermine confidence in the 

ability of intermittent biomarker sampling to capture a neuroapoptosis signal are the short half-

life of cfDNA in plasma (15-60 minutes26,42) and uncertainty regarding the critical anesthesia 

exposure time required to trigger neuroapoptosis. To address the possibility that we missed 

peak cfDNA signals that occurred after the perioperative sampling frame was completed, we 

sampled patient blood, where possible, one hour after emergence from anesthesia. There were 

no differences in cfDNA signals between end-of-anesthesia samples and the one-hour PACU 

samples in any cell type. Nonetheless, we cannot exclude the possibility that, had we sampled 

blood later, or more frequently, we may have detected a significant rise in neuron-derived or 

oligodendrocyte-derived cfDNA (as detected in animal studies1,3,8), or that the peak astrocyte-

derived cfDNA would have been higher. 



General anesthesia was associated with small but measurable elevations in brain-derived cfDNA 

from astrocytes only, notably not neurons or oligodendrocytes. With the exception of 

astrocytes, there were no age-related changes. This biomarker-based approach reinforces the 

reassuring findings of large neurobehavioral studies and suggests that prolonged general 

anesthesia in infants and children does not precipitate widespread or clinically meaningful 

neuroapoptosis. 

ON-LINE METHODS 

Study design 

We conducted a prospective, observational cohort study of children undergoing general 

anesthesia to assess changes in brain-derived cfDNA during the immediate perioperative 

period. All subjects had blood samples drawn at the beginning of anesthesia and at repeated 

intervals during and after surgery. We designed the study using the STROBE checklist 

(Supplementary File 4). 

Ethics 

The institutional review board (Helsinki Committee) of Hadassah Hebrew University Medical 

Center approved the BRAIN study (IRB reference HMO-0198-14). Informed consent was 

obtained from all patients ≥18 yrs and from parents or legal guardians for all patients <18. In 

addition, when possible, informed consent was obtained from children 14-18 yrs and verbal 

assent was obtained from younger children.  

Population 

We included healthy (ASA I-II) children younger than three years of age scheduled for non-



neurosurgical, non-cardiac, non-orthopedic procedures meeting the following criteria: (1) 

anticipated duration of general anesthesia would reach or exceed 3 hours, and (2) associated 

tissue damage, systemic inflammatory response, and perioperative respiratory and 

hemodynamic fluctuations were all predicted to be minimal.  

We excluded children who had undergone another surgical procedure, who had been 

hospitalized in an intensive care unit, who had been pharmacologically sedated within seven 

days prior to surgery, or who had underlying neurological diagnoses. 

We divided study patients into infants (≤12 months of age) and toddlers (13-36 months). The 

control population included older children (>36 months) and adults scheduled for procedures 

meeting the same criteria. 

Anesthesia management 

Treating anesthesiologists induced and maintained anesthesia for the duration of surgery 

according to standard clinical practice; this included choice of anesthetic drugs, depth of 

anesthesia, mode of ventilation, and fluid administration.  

Demographic variables  

We recorded the following demographic and clinical information: age (months), sex, gestational 

age at birth, prior exposures to general anesthesia, surgical procedure, anesthesia duration, 

anesthetic drug used, cumulative anesthetic dose (measured in MAC, minimum alveolar 

concentration), use of regional (caudal) anesthesia, administration of opioids and 

corticosteroids, presence of intraoperative hyperthermia ≥38oC, and whether there were any 

significant intraoperative respiratory or hemodynamic events. 



Blood sampling 

The investigating anesthesiologist drew blood samples for measurement of baseline cfDNA 

fragments either just prior to or, more frequently, immediately following the induction of 

anesthesia. For most children, an intravenous cannula was inserted after mask induction. 

Occasionally, patients arrived in the operating room with an indwelling venous catheter in situ 

or required venipuncture for clinical reasons prior to anesthetic induction; in such cases, blood 

was aspirated immediately prior to anesthetic induction. Following anesthesia, blood samples 

were drawn at hourly intervals and at the end of the procedure. When blood could be readily 

drawn from an indwelling intravenous catheter without fresh venipuncture, we obtained an 

additional sample in the post-anesthesia care unit (PACU) at one hour after surgery. 

Extraction and analysis of cfDNA 

Venous blood (1-2 mL) was collected in cfDNA BCT tubes (Streck), processed via a double-

centrifuge protocol (1,500g for 10 minutes followed by 3,000g for an additional 10 minutes), 

and stored at -80°C until assay. cfDNA was extracted using the QIAsymphony Circulating DNA 

Kit and quantified via Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific). cfDNA was treated 

with bisulfite (EZ DNA Methylation-Gold, Zymo Research) and PCR-amplified with primers 

specific for bisulfite-treated DNA but independent of methylation status at the monitored CpG 

sites, as described31. Treatment with bisulfite led to degradation of 60–90% of the DNA 

(average, 75% degradation), consistent with previous reports32. Primers were bar-coded using 

TruSeq Index Adapters (Illumina), permitting the mixing of samples from different patients 

when sequencing PCR products with NextSeq sequencers (Illumina). Sequenced reads were 



separated by barcode, aligned to the target sequence, and analyzed using custom scripts 

written and implemented in R Statistical Software (v4.1.2; R Core Team 2021). Reads were 

quality-filtered and classified as methylated (CG) or unmethylated (TG). Tissue-specific genome 

equivalents per milliliter (GE/mL) were calculated by multiplying the tissue-specific 

unmethylated fraction by the total pre-conversion cfDNA concentration.  

We assessed ten previously validated methylation markers specific to neurons, 

oligodendrocytes or astrocytes; the development and validation of these markers were 

previously described25,30. In addition, we assessed  three hepatocyte-specific DNA methylation 

biomarkers and total plasma cfDNA, as previously described33. In order to provide a 

quantitative frame of reference for cfDNA signals, we graphically compared the cfDNA signals 

obtained in our study to those observed in other clinically-relevant conditions; brain 

metastasis25 and pediatric cardiac surgery45. 

Statistics 

The primary endpoint was the change over time in copies of brain-derived cfDNA for each of 

the following tissue types: (1) neuron, (2) astrocyte, and (3) oligodendrocyte. As our primary 

end point was comprised of 3 brain-derived biomarkers, we used the Bonferroni correction; p = 

α / n = 0.05 / 3 = 0.017 to determine statistical significance.  

To assess age-related trends in baseline cfDNA levels (prior to the induction of anesthesia), 

comparisons between the three age groups (0–12 months, 13–36 months, >36 months) were 

performed using a one-way ANOVA with Tukey’s multiple comparisons test. 



Changes over time were assessed using repeated measures ANOVA (RM-ANOVA) to assess 

measures at three time points: baseline (start of anesthesia), intraoperative (calculated from 

the average of the hourly intraoperative samples), and end-of-surgery. We used simple contrast 

to baseline. Data are presented separately for each cell-type. Time was the “within-subject” 

variable and age category (0-12 months, 13-36 months, >36 months) was the primary 

“between-subject” categorical variable. If the interaction of time and patient age was positive, 

we used Scheffe’s post hoc test to assess the difference between the different patient age 

groups. Secondary between-subjects variables included sex, prior exposure to general 

anesthesia, regional (caudal) anesthesia, administration of corticosteroids, and intraoperative 

fever (>38oC). As cfDNA concentrations were right-skewed, the Greenhouse-Geisser correction 

was applied, and all inferential statistics were performed on log-transformed values.  

As a secondary analysis, we repeated RM-ANOVA as above, but where the intraoperative time 

point represented not the average intraoperative values, but rather the maximum 

intraoperative values. This secondary analysis was inevitably biased in favor of elevated 

intraoperative cfDNA, but (a) it would ensure that the highest intraoperative cfDNA samples 

would be considered, and (b) lack of significant signal rise using maximum intraoperative cfDNA 

would be even more convincing than lack of significant signal rise using average intraoperative 

cfDNA. 

For those patients in whom both PACU samples and end of surgery samples were available 

(n=31), paired t-tests were performed to compare end-of-surgery and PACU levels for each 

tissue type.  



Summary graphs for each cell type illustrate the dynamic changes across the three age groups, 

corresponding to the statistical analysis of the effects of time, age, and the time x age 

interaction; graphs present untransformed data to more clearly illustrate the direction of 

change.  

Sample-size power calculations were not performed prior to embarking on this study because of a lack 

of data necessary to perform such calculations, such as the upper level of normal of brain-derived cfDNA 

methylation products in this age-group, or the threshold levels indicative of neuroapoptosis. Instead, we 

compared the findings in this study to results from other relevant studies of neural injury using the same 

assay and similar population sizes. 
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Table 1. Demographic data 

 

Age group N Sex Surgical 

procedure 

Anesthetic 

duration 

(minutes; 

mean ± SD) 

Cumulative 

MAC hours 

(mean ± SD) 

Caudal 

anesthesia 

Steroids 

≤12 months 18 14 M 

4 F 

16 urology 

2 other 

192 ± 58 4.0 ± 1.8 13 (72%) 7 (39%) 

1-3 yrs 21 19 M 

2 F 

19 urology 

2 other 

209 ± 51 5.0 ± 2.0 18 (86%) 4 (19%) 

>3 years 18 8 M 

10 F 

11 urology 

7 other 

186 ± 47 3.6 ± 1.0 2 (11%) 11 (61%) 

Total 57 41 M 

16 F 

46 urology 

11 other 

196 ± 53 4.2 ± 1.7 33 (58%) 28 (49%) 

 

 

 

 

 

 

 

 

 

 

  



Figure 1 

 



Figure 1. Perioperative dynamics of tissue-specific and total cell-free DNA. (A-D) 

Concentration of cfDNA derived from neurons, astrocytes, oligodendrocytes, and hepatocytes  

(Genome Equivalents [GE]/ml). (E) Total cfDNA concentration (ng/ml). Timepoints: Baseline 

(pre-induction), intermediate (intraoperative average), and end of surgery. Left Panels 

(unshaded): Individual patient trajectories stratified by age: infants ≤1 year (red), toddlers 1–3 

years (blue), and children >3 years (black). Right Panels (shaded): Summary data presented as 

mean ± SEM shows the pooled data for each age group. Statistics: Repeated measures ANOVA 

on log-transformed data. Results: Astrocyte markers (B) exhibited significant Time (p=0.001) 

and Time × Age interaction (p=0.003) effects. Post-hoc Scheffé analysis: Infants ≤1 year vs >3 

years (p=0.006). No significant main effects or interactions were observed for any other cell 

types (A, C, D, E). 

  



Figure 2 

 

 

 



Figure 2. Contextualizing perioperative cfDNA dynamics against established brain injury 

models. Perioperative cohort signals (Baseline, Intermediate and End) are benchmarked against 

independent pathological states associated with neural injury and neuroapoptosis: brain 

metastasis and pediatric cardiopulmonary bypass (CPB). Quantification of (A) neuron, (B) 

astrocyte, (C) oligodendrocyte and (D) total cfDNA concentration. Data are presented as Mean 

± SEM. Results: Y axis scales are optimized to accommodate the robust release observed in 

metastasis25 and CPB45. Notably, the statistically significant elevations observed during routine 

anesthesia in Figure 1 are biologically negligible relative to established neuro-injury states, 

appearing as a near-flat trajectory when placed on the same quantitative scale. These findings 

suggest that exposure to clinically relevant concentrations of volatile anesthetic  do not induce 

the neuroapoptotic release characteristic of organic brain injury.  
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