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Cerebral “Hyperoxygenation” witH inHalational  
induCtion of anestHesia in CHildren: a retrospeCtive 
Comparison between vasoparalytiC sevoflurane vs. 

vasoneutral fentanyl
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abstract

Background: the higher levels of oxygen in cerebrum may contribute to neuro-apoptosis, 
analogous to direct tissue injury induced by toxic levels of oxygen. earlier report highlighted the 
possibility of cerebral “hyperoxygenation” secondary to inhalational induction of anesthesia with 
sevoflurane in small number of children.

Objective: the aim of this retrospective review was whether similar cerebral 
“hyperoxygenation” trends can be seen in larger and retrospective patients’ database.

Methods: data of patients who had undergone cardiac surgeries at Children’s Hospital 
during the two-year period (2010-2011) was retrieved during this retrospective review: (a) stored 
computer data from invos®™ Cerebral/somatic oximeter for oximetry numbers and total 
duration of oximetry monitoring, (b) paper chart perfusion records of the cardiac surgeries for 
age and sex of the patient, urgency of the surgery, type of induction (inhalational or intravenous), 
and total duration of cardiopulmonary bypass, (c) general medical records for inpatient setting vs. 
outpatient setting of the patient, and (d) anesthesia medical records for name of the medications 
used during induction of anesthesia to segregate the patients who had fentanyl as a lone induction 
agent and sevoflurane as a lone induction agent, for final statistical calculations and analysis. For 
the two-year period (2010-2011), data of 358 patients who had cardiac surgeries at Children’s 
Hospital were reviewed. However, after deletions of various patients’ data due to various reasons, 
only 69 patients (0-4 years of age) who had sevoflurane induction were analyzed for final statistical 
comparisons to 14 patients (0-4 years of age) who had fentanyl induction.

results: Cerebral and renal “hyperoxygenation” occurred during the first 127 minutes 
with sevoflurane as compared to fentanyl though the percentage changes from pre-induction 
values in oximetry during this time did not reach level of significance. However, only cerebral 
“hyperoxygenation” persisted in the last 127 minutes when patients had been induced with 
sevoflurane as compared to fentanyl.

conclusion: Cerebral “hyperoxygenation” occurs with inhalational induction of anesthesia 
with vasoparalytic sevoflurane in children 0 to 4 years of age when compared to anesthesia 
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induction with vasoneutral fentanyl.

introduction

the higher levels of oxygen in cerebrum may 
contribute to neuro-apoptosis, analogous to direct 
tissue injury induced by toxic levels of oxygen. in 
an earlier case series discussion1, we presented the 
possibility of cerebral “hyperoxygenation” secondary 
to inhalational induction of anesthesia with sevoflurane. 
oxygen’s potential to possibly cause neuro-apoptosis 
needs further investigations to define the exact toxic 
levels that could harm anesthetized brains of different 
age groups. However, the case series discussion 
prompted us to investigate whether similar cerebral 
“hyperoxygenation” trends can be seen in larger 
number of patients. such trends, if present, would 
warrant further randomized controlled prospective 
trials to comprehensively validate the observations of 
our case series discussion1.

the current retrospective review was focused 
on the 0-4 years age group because this particular 
age group reflects a vulnerable stage in human brain 
development with possibly heightened sensitivity 
to deleterious effects of anesthesia and related peri-
anesthesia factors. moreover, this age group is also 
the focus of investigation by smarttots (strategies 
for mitigating anesthesia-related neurotoxicity in 
tots) for validating patient safety when anesthesia 
is being delivered to young patients in 0-4 years age 
group2. as propofol is very rarely used for intravenous 
induction of anesthesia in small children (0-4 years 
of age) presenting for cardiac surgeries, the objective 
of this retrospective review was to compare the 
tissue oximetry data for the patients who received 
inhalational induction of anesthesia with sevoflurane 
for their cardiac surgeries versus the patients who had 
intravenous induction of anesthesia with fentanyl.

Methods

after institutional review board approval, the 
patients who had undergone cardiac surgeries at 
Children’s Hospital during the two-year period (2010-
2011) were included in this retrospective review. as 
cerebral tissue oxygen monitoring as well as somatic 

(renal) tissue oxygen monitoring with invos®™ 
Cerebral/somatic oximeter (®somanetics Corporation, 
Troy, Michigan, United States; ™Covidien, Mansfield, 
massachusetts, united states) are routinely applied 
for cardiac surgeries at our Children’s Hospital. the 
following patient care data was retrieved during this 
review for final analysis and comparison: (a) stored 
computer data from invos®™ Cerebral/somatic 
oximeter for oximetry numbers and total duration of 
oximetry monitoring, (b) paper chart perfusion records 
of the cardiac surgeries for age and sex of the patient, 
urgency of the surgery, type of induction (inhalational 
or intravenous), and total duration of cardiopulmonary 
bypass, (c) general medical records for inpatient setting 
vs. outpatient setting of the patient, and (d) anesthesia 
medical records for the medications used during 
induction of anesthesia to segregate the patients who 
had fentanyl as a lone induction agent and sevoflurane 
as a lone induction agent.

although the initial plan for data collection 
was inclusive of five-year period (2007-2011), major 
paucity of computerized oximetry data in years 
prior to year 2010 and inhomogeneous availability 
of comprehensive peri-operative characteristics 
of patients led to our decision to perform the final 
statistical calculations and analysis for a two-year 
period (2010-2011). the positive side of this decision 
was that despite being a small data (n=83 patients over 
two-year period), the post-hoc power analysis of the 
compared data was adequate.

For final statistical comparisons, the patients 
were divided into two groups: the group who received 
sevoflurane as a lone induction agent and the group 
who received fentanyl as a lone induction agent. each 
approximate-30-second-interval oximetry numbers 
were tabulated for anova-analysis of repeated 
Measures for approximately first 127 minutes (first 
time zone) of the oximetry monitoring (anesthesia 
duration) and approximately last 127 minutes (second 
time zone) of the oximetry monitoring. To avoid 
anova-analysis of repeated measures deleting 
individual patient’s whole oximetry data wherein that 
patient had few time-points with missing oximetry 
numbers, these tabulations were re-formatted to delete 
all those interspersed time-point data columns wherein 
any single patient had a missing data-point of oximetry 



M.E.J. ANESTH 22 (5), 2014

459Cerebral “Hyperoxygenation” witH inHalational induCtion of anestHesia in CHildren: a 
retrospeCtive Comparison between vasoparalytiC sevoflurane vs. vasoneutral fentanyl

number at that particular time-point. therefore, an 
acquisition rate was defined as the ratio of time-point 
data columns (repeated measures) finally analyzed vs. 
the total time-point data columns available for that 
particular time zone (254 time-points of approximate-
30-second-interval). other statistical tests used were: 
anova single factor for comparing means of 
continuous data, Chi-square test and two tailed fisher 
exact test for comparing proportions and regression 
analysis for correlating data. a p-value of <0.05 was 
considered as significant.

results

for the two-year period (2010-2011), data of 
358 patients who had cardiac surgeries at Children’s 
Hospital were reviewed. However, after deletions of 
various patients’ data due to reasons specified in the 
Consort diagram (figure 1), only 69 patients (0-4 
years of age) who had sevoflurane induction were 
analyzed for final statistical comparisons to 14 patients 
(0-4 years of age) who had fentanyl induction. fentanyl 
induction was significantly higher in inpatients 

(p<0.0001) and in patients undergoing non-elective 
(urgent/emergent) cardiac surgeries (p<0.0001) 
(table 1). though the baseline pre-induction values 
of both cerebral and renal oximetry were similar 
between sevoflurane induction and fentanyl induction, 
the baseline values of cerebral oximetry and renal 
oximetry correlated significantly only in sevoflurane 
induction patients (r=0.48; p<0.0001) (table 2). the 
end values of cerebral oximetry (p=0.0007) and renal 
oximetry (P=0.0001) at skin closure were significantly 
different between sevoflurane induction and fentanyl 
induction. However the correlation between end 
values of cerebral oximetry and renal oximetry was 
significant only in sevoflurane induction patients 
(r=0.37; p=0.002) (table 2).

baseline cerebral oximetry (r=0.39; p=0.0002) 
as well as baseline renal oximetry (r=0.47; p<0.0001) 
proportionally increased with patients’ age (table 3). 
However, only the inpatients (p=0.04) and patients who 
had undergone non-elective cardiac surgeries (p=0.004) 
had significantly lower baseline renal oximetry values 
(table 3). durations of cardiopulmonary bypass and 
oximetry monitoring did not correlate with percent 
changes from pre-induction baseline values to end 
values of both cerebral and renal oximetry irrespective 
of the type of anesthesia induction performed (table 4).

During final comparisons of tissue oximetry 
(cerebral and renal) across the two time-zones (first 
127 minutes and last 127 minutes), there was some 
overlapping of data in seven out of 83 patients because 

Fig. 1 
CONSORT Diagram of the Analyzed Patients’ Data after 

Various Deletions/Exclusions

Table 1 
Patients Pre-Morbid Characteristics (Demographics)

Characteristic Sevoflurane 
induction 

(n=69)

fentanyl 
induction 

(n=14)

p value

age (in years) 1.13 ±1.17 0.51 ±1.04 0.07

sex (f/m) 35 f/34 m 8 f/6 m 0.77

inpatient/same day 
admit setting (inpt/
sda)

9 inpt/60 
sda

13 inpt/1 
sda

<0.0001

elective/non-elective 
surgery (e/ne)

64 e/5 ne 3 e/11 ne <0.0001

f: females; m: males
inpt: inpatient setting; sda: same day admit setting
e: elective surgery; ne: non-elective surgery
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Table 2 
Tissue Oximetry and Surgical Characteristics

Characteristic Sevoflurane Induction (n=69) fentanyl induction (n=14) p value

Cerebral oximetry baseline value (in %) 63.84 ±11.98 61.36 ±12.98 0.49

renal oximetry baseline value (in %) 72.29 ±15.04 65 ±16.38 0.11

Correlation of baseline Cerebral and renal 
oximetry 

Correlation Coefficient=0.48 
(p<0.0001)

Correlation 
Coefficient=0.46 (P=0.1)

Cardio-pulmonary bypass duration (in mins) 112.87 ±50.32 126.29 ±63.69 0.39

oximetry monitoring duration (in mins) 341.41 ±71.77 380.29 ±105.67 0.09

Cerebral oximetry end value (in %) 75.86 ±12.8 61.86 ±16.59 0.0007

renal oximetry end value (in %) 92.46 ±6.14 79.93 ±22.37 0.0001

Correlation of end values of Cerebral and 
renal oximetry 

Correlation Coefficient=0.37 
(p=0.002)

Correlation Coefficient=0.5 
(p=0.07)

Table 3 
Effect of Pre-Morbid Characteristics on the Pre-Induction Baseline Values of Tissue Oximetry

Correlating factor Correlation of baseline
Cerebral oximetry

Correlation of baseline
renal oximetry

patients’ age (n=83) Correlation Coefficient=0.39 (P=0.0002) Correlation Coefficient=0.47 (P<0.0001)
patients’ sex f/m (n=83) f: 64.37 ±10.55

m: 62.4 ±13.65
(p=0.46) 

f: 72.37 ±15.67
m: 69.65 ±15.21
(p=0.43) 

patients’ setting inpatient (inpt)/same 
day admit (sda) (n=83)

inpt: 61.32 ±13.29
sda: 64.18 ±11.68
(p=0.35)

inpt: 65.18 ±16.17
sda: 73.18 ±14.7
(p=0.04)

surgeries’ urgency elective (e)/non-
elective (ne) (n=83)

e: 63.81 ±12.02
ne: 61.81 ±12.73
(p=0.56)

e: 73.39 ±14.23
ne: 61.31 ±16.81
(p=0.004)

Table 4 
Effect of Durations of Cardiopulmonary Bypass and Oximetry Monitoring  

on the End Values of Tissue Oximetry at Skin Closure

Correlating factor with Correlation 
Coefficient (r)

Correlation of percent Change from 
baseline to end value

Cerebral oximetry

Correlation of percent Change from 
baseline to end value

renal oximetry

Cardiopulmonary bypass duration in 
Sevoflurane Induction Patients (n=69)

r= -0.07 (p=0.58) r= -0.003 (p=0.98)

total duration of oximetry monitoring 
in Sevoflurane Induction Patients (n=69)

r= 0.002 (p=0.99) r= 0.07 (p=0.56)

Cardiopulmonary bypass duration in 
fentanyl induction patients (n=14)

r= 0.25 (p=0.4) r= -0.22 (p=0.46)

total duration of oximetry monitoring 
in fentanyl induction patients (n=14)

r= 0.001 (p>0.99) r= -0.3 (p=0.3)
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on type of anesthesia induction (table 5). Conversely, 
the acquisition rates varied from 14% to 77% when 
patients were being compared for the differences 
in their cerebral oximetry vs. their renal oximetry 
(table 6). However, in spite of varied acquisition 
rates for oximetry data, the overall statistical powers 
were adequate (1-β ≥ 0.7) (Figures 2-5) except for 

total duration of oximetry monitoring in these seven 
patients was less than 254 minutes with lowest 
duration of oximetry monitoring being 224 minutes. 
the acquisition rates of interspersed time-points (time-
point being each instance of recorded 30-second tissue 
oximetry value) within the two time zones varied from 
15% to 65% when patients were being compared based 

Cerebral “Hyperoxygenation” witH inHalational induCtion of anestHesia in CHildren: a 
retrospeCtive Comparison between vasoparalytiC sevoflurane vs. vasoneutral fentanyl

Table 5 
Acquisition Rate Database used before comparing Sevoflurane Induction vs. Fentanyl Induction

time Zone (for both absolute 
and percentage numbers)

missing data points (Cells) 
for Comparison between 
Sevoflurane and Fentanyl 

induction

remaining time points 
(Columns) for Comparison 

after removal (t)

acquisition rate 
[(t/254)*100]

first 127 minutes of 
Cerebral oximetry 
(n=69sevo+14fent=83)

212 (average per patient=2.55) 119 per patient 47%
[figure 2(a) and figure 3(a)]

first 127 minutes 
of renal oximetry 
(n=69sevo+14fent=83)

111 (average per patient=1.34) 164 per patient 65%
[figure 2(b) and figure 3(b)]

last 127 minutes of 
Cerebral oximetry 
(n=69sevo+14fent=83)

142 (average per patient=1.71) 151 per patient 59%
[figure 4(a) and figure 5(a)]

last 127 minutes 
of renal oximetry 
(n=69sevo+14fent=83)

224 (average per patient=2.7) 39 per patient 15%
[figure 4(b) and figure 5(b)]

Table 6 
Acquisition Rate Database used before comparing/correlating Cerebral Oximetry vs. Renal Oximetry

time Zone (for both absolute 
and percentage numbers)

missing data points (Cells) for 
Comparison between Cerebral 

and renal oximetry

remaining time 
points (Columns) for 

Comparison after 
removal (t)

acquisition rate 
[(t/254)*100]

first 127 minutes of 
Sevoflurane Induction 
(n=69Cer+69ren=138)

213 (average per patient=1.54) 104 per patient 41%
[figure 2(c) and figure 3(c)]

first 127 minutes of 
fentanyl induction 
(n=14Cer+14ren=28)

110 (average per patient=3.93) 171 per patient 67%
[figure 2(d) and figure 3(d)]

last 127 minutes of 
Sevoflurane Induction 
(n=69Cer+69ren=138)

68 (average per patient=0.49) 195 per patient 77%
[figure 4(c) and figure 5(c)]

last 127 minutes of 
fentanyl induction 
(n=14Cer+14ren=28)

298 (average per 
patient=10.64)

35 per patient 14%
[figure 4(d) and figure 5(d)]
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Fig. 2 
Absolute Number Changes in Tissue Oximetry over Time in the First 127 Minutes of Anesthesia

Fig. 3 
Percent Changes from the Pre-Induction Baseline in Tissue Oximetry over Time in the First 127 Minutes of Anesthesia
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Fig. 4 
Absolute Number Changes in Tissue Oximetry over Time in the Last 127 Minutes of Anesthesia

Fig. 5 
Percent Changes from the Pre-Induction Baseline in Tissue Oximetry over Time in the Last 127 Minutes of Anesthesia
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comparisons of cerebral and renal oximetry in last 
127 minutes time-zone for fentanyl induction patients 
[figures 4(d), 5(d)] where statistical powers were 
inadequate (1-β <0.3).

Per oximetry assessment, the final significant 
results as depicted in figures 2-5 were as follows: (i) 
cerebral and renal “hyperoxygenation” occurs during 
first 127 minutes with sevoflurane as compared to 
fentanyl [figure 2(a-b)] though percentage changes 
from pre-induction values in oximetry during this time 
did not reach level of significance [Figure 3(a-b)], and 
(ii) cerebral “hyperoxygenation” persisted (absolute 
and percentage changes) in the last 127 minutes when 
patients were induced with sevoflurane as compared to 
fentanyl [figures 4(a), 5(a)].

Discussion

as elicited in our previous case series 
discussion1, this current retrospective review takes 
the next step in confirming our hypothesis that 
cerebral “hyperoxygenation” occurs with inhalational 
induction of anesthesia with sevoflurane. This 
“hyperoxygenation” per cerebral oximetry may be 
reflecting the disproportionately increased delivery 
of oxygen to the cerebrum secondary to sevoflurane’s 
vasodilatory properties and decreased consumption 
of oxygen by cerebrum secondary to sevoflurane’s 
anesthetic properties-related decreased cerebral 
metabolic rates. Consequently, cerebral oxygen levels 
are above normal after sevoflurane induction and 
they remain elevated most likely due to additive (and 
similar) vasodilatory and anesthetic effects of slowly 
accumulating maintenance inhalational agents (usually 
isoflurane) despite dissipating vasodilatory effect of 
high-doses of sevoflurane used during inhalational 
induction of anesthesia.

in our case series discussion, this 
“hyperoxygenation” was termed as luxury 
oxygenation1 with sevoflurane as compared to cerebro-
vasoconstrictive propofol. However, after completing 
the analysis for this retrospective review, we observed 
that this relative luxury oxygenation was also present 
(with good degree of statistical significance) when 
compared with fentanyl as induction agent that is 
considered vaso-neutral as compared to propofol 

and sevoflurane. Moreover, significant cerebral 
“hyperoxygenation” with sevoflurane as compared 
to fentanyl persisted at the end of cardiac surgery 
as compared to insignificantly different renal 
“hyperoxygenation” between sevoflurane and fentanyl. 
this can only be explained by innate physiological 
differences in the way cerebral and renal (somatic) 
tissues behave when exposed to inhalational agents. 
the “hyperoxygenating” changes were unique to 
cerebrum compared to kidney (somatic tissue) because 
there were significant differences in the patterns of 
cerebral oximetry changes vs. renal oximetry changes 
over time [figures 2(c-d), 3(c-d), 4(c), 5(c)] wherein 
cerebral oximetry values attempted to recover back 
closer to pre-induction values at the end of cardiac 
surgery as compared to renal oximetry values that 
remained elevated (and higher than cerebral oximetry 
values) once elevated in the initial stages of the 
cardiac surgery. the innate physiological behavior 
where renal “hyperoxygenation” did not attempt to 
recover to baseline values at the end of the surgery 
as compared to cerebral “hyperoxygenation” may be 
possibly explained by underlying relative plasticity of 
renal (somatic) vasculature as compared to underlying 
relative dynamicity of cerebral vasculature.

although cerebral “hyperoxygenation” attempted 
to recover closer to baseline pre-induction values at the 
time of skin closure, these attempts reflecting return 
of cerebral vaso-reactivity were incompletely possible 
from the state of maximal vasodilatation induced by 
high doses of sevoflurane induction. Hence, it was 
observed that cerebral “hyperoxygenation” induced by 
sevoflurane was significantly different as compared to 
that was induced by fentanyl. although the standard of 
practice to use isoflurane as maintenance inhalational 
agent might have contributed to additional cerebral 
“hyperoxygenation” after induction of anesthesia with 
either sevoflurane or fentanyl, this additional cerebral 
“hyperoxygenation” could not bridge/overcome the 
initial differences in cerebral oxygen levels attained 
secondary to anesthesia induction agents (sevoflurane 
and fentanyl). as renal (somatic) “hyperoxygenation” 
behaved differently than cerebral “hyperoxygenation” 
by being higher at most of the analyzed time-points, 
it can be safely said that this “dynamic” cerebral 
“hyperoxygenation” cannot be attributed to forehead 
skin’s “plastic” vaso-reactivity to inhalational agents 
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that would have been similar in time-trend patterns to 
“plastic” renal (somatic) “hyperoxygenation”.

although cardiopulmonary bypass and 
anesthesia durations did not significantly induce 
changes in the end values of tissue oximetry, it can 
be subjectively seen in figures 4(a) and 5(a) that the 
sudden appearance of step-up in the middle of absolute 
cerebral oximetry’s graph (for both sevoflurane and 
fentanyl) was approximate reflection of the time-
frame when patients would have been weaning from 
cardiopulmonary bypass machine. it is interesting 
to observe that similar step-up was absent in the 
absolute renal oximetry’s graph [figures 4(b), 5(b)] 
suggesting that cerebral oxygenation recovery curve 
from cardiopulmonary bypass behave differently from 
renal (somatic) oxygenation recovery curve. it would 
have been interesting to segregate the time zones into 
pre-bypass, intra-bypass and post-bypass periods for 
evaluating any time-zone-specific tissue oximetry 
changes; however, the stored computerized database 
did not have saved snapshot times of initiation and 
culmination of cardiopulmonary bypass period thus 
precluding the division into abovementioned three 
time-zones for statistical comparisons.

this retrospective review has a few limitations. 
Although this review affirmed the presence of cerebral 
“hyperoxygenation” with sevoflurane, how this level 
of cerebral “hyperoxygenation” will affect the young 
patients’ brain remains unknown and un-quantified. 
although oxygen toxicity has been known to medical 
community for decades3-6 with new concerns about 
its relation to neuro-apoptosis7, the direct cellular 
and clinical effects of cerebral “hyperoxygenation” 
elicited per cerebral oximetry will require laboratory 
investigations and randomized controlled trials 
respectively to affirm and validate our results. Future 
trials will also need to comprehensively investigate 

the confounding factors that were not included in our 
current study due to retrospective review’s logistics. 
these confounding factors would have been (but 
not limited to) presence of cardio-pulmonary shunts, 
sequential arterial blood gas parameters, coagulation 
characteristics, hemoglobin and hematocrit levels, 
bilirubin levels, vaso-active medications use, 
intracranial pathologies, and volume status of the 
patients.

conclusion

Cerebral “hyperoxygenation” occurs with 
inhalational induction of anesthesia with vasoparalytic 
sevoflurane in children 0 to 4 years of age when 
compared to anesthesia induction with vasoneutral 
fentanyl.
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