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Abstract: Background: Sevoflurane is a polyfluorinated compound extensively used as an inhalation
anesthetic in patients undergoing surgery. If administered outside the operating room, sevoflurane
is dangerous and potentially lethal, and toxicologists may be asked to investigate its presence in
biological matrices for forensic purposes. The aim of the present study is to develop and validate
a method for the detection and the quantification of sevoflurane in biological fluids and organs
through gas chromatography coupled to flame ionization detection (GC–FID). Methods: The method
was optimized based on the maximization of the signal-to-noise ratio. The GC–FID instrument
was equipped with a Zebron capillary column ZB-624 (30 m, 0.32 mm ID, 1.80 µm film thickness).
Results: The method was validated over a concentration range of 1.0–304.0 µg/mL (blood and urine)
and µg/g (brain, lungs). The lower limit of quantitation was 1.0 µg/mL or µg/g. Both the intra-
and interassay imprecision and inaccuracy were ≤15% at all quality control concentrations in all
the matrices. The method was successfully applied to measure the sevoflurane concentrations for
20 negative controls and for a real forensic case. Conclusions: The present method is suitable for
the identification and quantification of sevoflurane in fluids and organs and can be a reliable tool in
forensic casework.

Keywords: sevoflurane; gas chromatography; flame ionization detector; biological matrices; foren-
sic toxicology

1. Introduction

Sevoflurane (1,1,1,3,3,3-Hexafluoro-2-(fluoromethoxy)propane, Figure 1) is a polyfluo-
rinated methyl-isopropanol compound. Due to of its inherent stability, low flammability,
pleasant odor, lack of airway irritation and low solubility in blood, sevoflurane is exten-
sively used as an inhalation anesthetic in patients undergoing surgery. Moreover, it is the
one of most volatile anesthetics with the fastest onset [1–3].
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Figure 1. Chemical structure of sevoflurane.

Epidemiological studies show that volatile substances are frequently abused world-
wide, especially by children and adolescents, making inhalant abuse a serious public
health problem [4]. Unlike other inhalants, particularly mixtures containing toluene [5],
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the abuse of general anesthetics is rare because they are accessible only to medical per-
sonnel [6]. However, the increasing frequency of anesthesia has increased the storage of
anesthetics and muscle relaxants, making diversion easier [7–9]. Inhalation anesthetics
rank among potentially dangerous drugs. The controlled conditions during anesthesia
minimize the danger of overdose caused by the anesthetic [10], but inhalation without
controlled conditions can be fatal. A few cases of sevoflurane-induced death are reported
in the forensic literature [6,11,12], all with suicidal intent, and toxicological analyses have
not been performed in all cases [13]. Consequently, there are a few analytical methods
developed for the determination of sevoflurane in post-mortem samples, which are limited
to the matrices commonly sampled during an autopsy, such as blood and urine [14]. For
this reason, the study of the sevoflurane distribution in sevoflurane-induced fatalities is
not well documented [6]. Nevertheless, inhalant use is not limited to abuse and suicide.
Instead, the use of muscle relaxants and anesthetics with homicidal intentions frequently
involves anesthesiologists or other professional figures who know the dosage and effects of
these drugs [9].

Analysis for the volatile organic compounds is usually performed using gas chro-
matography (GC). The headspace (HS) techniques prevent the contamination of the chro-
matographic system by non-volatile substances from the matrix [15]. The HS procedure
is simple and minimizes the number of artifacts, while mass spectrometry (MS), electron
capture detection (ECD) and flame ionization detection (FID) are usually used for quantifi-
cation [4]. The analyses are normally performed on blood, urine and other organs, such as
the liver, kidney, adipose tissue, lungs and brain, due to their suitability for determining
volatile organic compounds in post-mortem sampling [4].

The HS–GC–FID is undoubtedly one of the most used techniques to determine ethanol
and other volatiles with forensic interest. Since an extractive procedure is not necessary,
the analysis with this technique is quick and easy to prepare, with enormous advantages to
laboratories that routinely perform ethanol determination. However, the retention times of
the other volatiles should be known to the laboratory in order avoid interferences.

The aim of the present study is to develop and validate a new method for the determi-
nation of sevoflurane in the blood, urine, brain and lungs using HS–GC–FID. The present
method was then applied to the negative controls and a real case, where a toxicological
analysis was performed for forensic purposes.

2. Materials and Methods
2.1. Chemicals and Reagents

Multiple chemicals and reagents, including 2-butanol, 2-propanol, n-butanol, n-hexane,
acetone, dimethyl sulfoxide (DMSO), ethanol, methanol and toluene at the LC-MS grade,
were obtained from Sigma Aldrich® (Steinheim, Germany). The sevoflurane was sup-
plied by Merck KGaA (Darmstadt, Germany). The ultra-pure water was obtained from
PURELAB® Chorus 1, Elga Veolia.

2.2. Stock Solutions, Standards and Quality Controls

The sevoflurane stock solution was prepared in DMSO at a concentration of 15,200µg/mL.
The appropriate dilutions (at a concentration of 7600 µg/mL; 2500 µg/mL; 1000 µg/mL;
250 µg/mL; 50 µg/mL) with DMSO were made to prepare the calibration curves and
QC samples.

All the sevoflurane solutions were stored at room temperature (25 ◦C). A solution of
n-butanol in ultra-pure water was used as an internal standard (IS) at a concentration of
500 µg/mL, stored ad 4 ◦C. The blank matrices were obtained from autoptic cases were the
presence of any volatiles, psychoactive drugs and drugs of abuse were excluded by routine
analysis [16–18].
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The blank matrices (blood, urine, brain and lungs) were spiked with sevoflurane work-
ing solutions to obtain a six-point calibration curve (1.0, 5.1, 20.3, 50.7, 152.0, 304.0 µg/mL
for blood and urine or µg/g for the brain and lungs). The organ samples (approximately
6 g of brain and lungs) were previously homogenized using an IKA® ULTRA URRAX®

Tube Drive.
For the method validation, the QC samples at four concentrations were likewise

prepared from the blank matrices (lower limit of the quantification-LLOQ 1.0, low 3.0,
medium 152.0, high 304.0 µg/mL or µg/g). To obtain the independent quality control (QC)
samples, the commercial sevoflurane, namely Sevoflurane from Baxter S.p.A., was used.

2.3. Instrumentation and Method Optimization

A Shimadzu GC-2010 gas chromatography system equipped with FID was used for
the separation and quantitation of the compounds analyzed. The GC–FID instrument
was equipped with a Zebron capillary column ZB-624 (30 m, 0.32 mm ID, 1.80 µm film
thickness) purchased from Phenomenex (Torrance, CA, USA). The system was run with
helium 5.0 as the carrier gas with a flow rate of 21.5 mL/min. The split mode was used at a
split rate of 1:10 (liner 3.5 mm × 5.0 × 95, Restek Superchrom, Milano). The optimization
of the sevoflurane determination in all the matrices was performed by evaluating the
following parameters: the split ratio (1:10, 1:20, 1:30), injector temperature (100 ◦C, 150 ◦C,
200 ◦C), column flow (1.32 mL/min, 1.52 mL/min), oven temperature (isothermal or with
a gradient), detector temperature (100 ◦C, 150 ◦C, 200 ◦C) and runtime.

The choice of the conditions to be adopted was based on maximizing the signal-to-
noise ratio, separating the peaks with the other volatiles under investigation—especially
ethanol, which is the most frequently encountered volatile in forensic cases—simplifying
the analysis and reducing the execution time.

Figure 2 reports four examples of the chromatograms obtained during the method
optimization, where the first peak is sevoflurane and the second peak is ethanol.

Figure 2a represents the injection with the method currently in use in the laboratory
for the ethanol analysis: a split ratio of 1:10, injection temperature of 200 ◦C, column flow
of 1.32 mL/min, oven temperature of 150 ◦C, detector temperature of 200 ◦C and runtime
of 3.5 min. In Figure 2b, the sevoflurane and ethanol peaks show a better separation with
the following parameters: a split ratio of 1:10, injection temperature of 150 ◦C, column flow
of 1.46 mL/min, oven temperature of 100 ◦C, detector temperature of 150 ◦C and runtime
of 4.5 min. Figure 2c shows a further optimization, with a good separation between the
sevoflurane and ethanol peaks with the following parameters: a split ratio of 1:10, injection
temperature of 150 ◦C, column flow of 1.52 mL/min, oven temperature of 80 ◦C, detector
temperature of 150 ◦C and runtime of 6.0 min. A ramp was used to reduce the runtime, as
the n-butanol IS showed a retention time of more than 5 min.

The optimized conditions were as follows and resulted in the chromatography shown
in Figure 2d. The injector temperature was set at 150 ◦C and the detector was set at 150 ◦C.
The injection mode was split, with a split ratio of 1:10. The flow rate of the helium carrier
gas was 1.52 mL/min. The temperature program started with the oven at 80 ◦C for 2.5 min.
The temperature was then ramped up at a rate of 40 ◦C/min to 120 ◦C and held for 2 min.

2.4. Headspace Procedure

A 0.5 mL (blood, urine) or 0.5 g (homogenized brain and lungs for 10 s, in order
to reduce the evaporation as much as possible) of sevoflurane-free samples were added
with 1 g of NaCl and 0.5 mL of the IS solution were pooled in a 10 mL headspace vial
(22.5 × 46 mm). The spiking procedure was performed by adding a 10 µL aliquot of the
single working solution directly into the cuvette. The vial was immediately sealed with a
rubber stopper and an aluminum crimp seal, shaken for 30 s and kept for 50 min at 40 ◦C
in the heater. A 0.5 mL aliquot of headspace was withdrawn with a gas-tight syringe for
analysis and injected onto the GC–FID.
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and ethanol peaks was obtained. 

 

Figure 2. Chromatograms of sevoflurane, ethanol and IS during optimization: (a) oven T = 150 ◦C;
(b) oven T = 100 ◦C; (c) oven T = 80 ◦C; (d) oven T ramp from T = 80 ◦C to 120 ◦C at a rate of
40 ◦C/min to 120 ◦C. The optimized method is reported in d, where a good separation between the
sevoflurane and ethanol peaks was obtained.

2.5. Validation Plan

The validation was planned according to the Guidelines of the Scientific Working
Group for Forensic Toxicology (SWGTOX) [19].

2.5.1. Interferences Studies

Ten blank sources of each matrix (n = 40 samples) were extracted without the IS and
analyzed to test the co-elution of the endogenous substances. Two randomly selected sam-
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ples for each matrix (n = 8) were added with the exogenous volatiles, namely sevoflurane,
acetone, isobutanol, hexane, ethanol, methanol, toluene and formaldehyde, to test whether
the volatiles commonly searched for forensic purposes interfere with the retention times of
the molecules tested.

2.5.2. Linearity and Carryover

It was decided that the calibration model should be linear, in the same calibration range
for all the matrices (1.0–5.1–20.3–50.7–152.0–304.0 µg/mL for blood and urine and µg/g for
the brain and lungs). The calibration range was defined according to the concentrations
detected in the post-mortem samples of the available studies [14]. The linearity was
assessed by a simple linear regression, accepting a correlation coefficient (r2) ≥ 0.990 and
by a residue plot analysis. Two extracted blank matrices were analyzed after the highest
calibrator to evaluate the carryover. The carryover was considered negligible if the signal
in the blank was lower than 10% of the method’s LLOQ.

2.5.3. Limit of Detection and Limit of Quantification

The LLOQ was identified as the lowest non-zero calibrator that meets a signal-to-
noise ratio of at least 10 and can reproducibly replicate within a 20% bias and 20% CV%
in three samples per run over three runs. To assess the LOD, another spiked calibrator
was obtained by diluting (1:3; v/v) the LLOQ. Three separated samples were analyzed in
duplicate for at least three runs. The LOD was identified as the lowest point that (1) yields
a reproducible instrument response greater than or equal to three times the noise level of
the background signal from the negative samples and (2) achieves an acceptable retention
time and peak shape.

2.5.4. Precision and Accuracy

The precision was evaluated by determining the relative standard deviation (RSD) at
the four sevoflurane concentrations of the QCs corresponding to the LLOQ (1.0 µg/mL) and
the low (3.0 µg/mL), medium (152.0 µg/mL) and high concentrations (304.0 µg/mL) (µg/g
for long and brain) within the same analysis (n = 6, intraday precision) and in triplicate
over a series of five analyses (n = 15, interday precision). Each QC was prepared according
to the procedure described for the calibrator preparation, using commercial sevoflurane
(Baxter) as the standard in order to obtain the independent controls. The accuracy (bias)
of the method was determined by comparing the means of the calculated concentrations
of the QCs with the nominal concentrations. The intraday accuracy (n = 6) and interday
accuracy (n = 15, in triplicate over a series of five analysis) were calculated. The acceptance
criteria for the intra- and interday precision and accuracy were ±15% for the low, medium
and high QCs and ±20% for the LLOQ.

2.5.5. Stability Studies

The short-term stability was evaluated by reanalyzing the QC blood samples (low and
high) in triplicate after 4 h in the heather after extraction. To assess the long-term stability,
the QCs were prepared and stored at −20 ◦C and analyzed 30 days later. The processed
QCs were considered stable if their mean concentrations were within ±15% of the nominal
concentration for the low and high QCs.

2.5.6. Method Application

The validated method was applied on the blood taken during anesthesia in a driver
who underwent surgery after a car crash. Analysis was requested by a judicial authority
for the assessment of driving under the influence of alcohol and drugs. The method
was also applied to the blood, urine, brain and lungs of 20 cases of traumatic deaths
where circumstantial, autoptic and toxicological data excluded sevoflurane exposure as the
negative controls. As recommended in forensic cases to confirm the presence of sevoflurane,
a GC–MS analysis was performed on the real sample. For a qualitative analysis, a Shimadzu



Chemosensors 2023, 11, 133 6 of 14

GC-2010 Plus coupled with a GC–MS–QP 2010 Ultra autosampler AOC 6000 (Shimadzu,
Milano) was used. The system was equipped with a RXi-5sil MSN 13 capillary column
(30 m × 0.25 mm id, 0.25 µm film thickness). The GC–MS conditions included an injection
temperature of 200 ◦C, column flow of 0.94 mL/min, ion source temperature of 220 ◦C and
interface temperature of 200 ◦C. The split mode was used at a split rate of 1:30. The flow
rate of the helium 6.0 carrier gas was 32.2 mL/min. The temperature gradient of the GC
oven started at 40 ◦C for 4 min, then increased to 200 ◦C at a rate of 60 ◦C/min and was
held at 200 ◦C for 15 min. An electron impact (EI) ionization mode was used. The ions of
m/z 131, 69 and 181 were selected for identification.

3. Results
3.1. Interferences Studies

The method showed no interference from the endogenous substances, the other ex-
ogenous substances tested co-eluting within the time frame of the method, or between
the analyte and the internal standard. The retention times of sevoflurane and the volatiles
tested were (min,s) methanol 2.27; sevoflurane 2.43; ethanol 2.53; acetone 2.77; hexane 3.19;
isobutanol 3.90 and n-butanol 4.34 (IS). The retention times of toluene and formaldehyde
were out of the runtime. The peak of sevoflurane was well distinguishable from the other
volatiles’ peaks (Figure 3).
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Figure 3. Chromatograms of sevoflurane and the other volatiles tested.

3.2. Linearity and Carryover

The calibration curve appeared to provide a better fit of the data using an unweighted
linear model, passing through the zero, as confirmed by the residual plot, which showed
a random distribution around the zero line. The mean equations of the resulting curves
are reported in Table 1. The calibration curve obtained in the blood matrix is reported in
Figure 4.

The carryover was not present for all the drugs or the internal standard in any of the
extracted blank matrices that followed the highest calibrator and were deemed acceptable.

Table 1. Equations and correlation coefficients (r2) for all the matrices tested are reported. Mean and
standard deviation (SD) are calculated over five calibration curves.

Matrix Equation (Mean ± SD, n = 5) r2 (Mean ± SD, n = 5)

Blood y = 0.012 (±0.002) x 0.998 (±0.001)

Urine y = 0.009 (±0.001) x 0.998 (±0.001)

Brain y = 0.013 (±0.001) x 0.999 (±0.001)

Lung y = 0.009 (±0.002) x 0.999 (±<0.001)
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tration in µg/mL. Y-axis: response.

3.3. Limit of Detection and Limit of Quantification

The LLOQ was set at 1.0 µg/mL for blood and urine or µg/g for the brain and lungs
within and between the run precision and the biases are shown in Table 2. The LOD
respected all the pre-defined criteria and was set at 0.3 µg/mL or µg/g (1/3 of the LLOQ)
in all the matrices.

Table 2. Precision and accuracy of the sevoflurane assay.

Matrix and
QC

Concentration
(µg/mL or µg/mg)

Precision
(Mean RSD%)

Accuracy
(Mean BIAS%)

Intraday
(n = 6)

Interday
(n = 15)

Intraday
(n = 6)

Interday
(n = 15)

Blood
LLOQ 1.0 2.3 2.8 5.2 5.2
Low 3.0 6.2 7.9 18.2 18.9

Medium 152.0 6.5 12.9 6.3 7.1
High 304.0 6.5 10.2 2.5 3.0

Urine
LLOQ 1.0 9.1 15.3 6.1 13.5
Low 3.0 5.5 8.6 14.2 18.4

Medium 152.0 2.6 9.4 14.0 11.2
High 304.0 3.1 11.0 7.8 9.3

Brain
LLOQ 1.0 14.0 16.3 14.7 14.7
Low 3.0 12.3 14.4 12.2 12.6

Medium 152.0 3.6 5.0 9.2 19.2
High 304.0 4.1 5.0 3.5 3.6

Lung
LLOQ 1.0 11.1 5.7 11.1 11.1
Low 3.0 8.8 10.2 15.8 16.2

Medium 152.0 8.7 10.4 8.7 8.7
High 304.0 7.1 8.7 7.1 8.8

Precision (RSD%) = 100 × SD/mean; accuracy (BIAS%) = 100 (mean concentration found—known concentra-
tion)/known concentration); interday (n = 9) = triplicate samples over a series of three analyses on different days;
n = 9, triplicate analyses for each low, medium and high QC sample; LLOQ = lower limit of quantitation.
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3.4. Precision and Accuracy

The results of the precision and accuracy are reported in Table 2. Both the intra- and
interassay imprecision and inaccuracy were ≤20% for the whole concentrations range. The
representative chromatograms of a QC sample for all the matrices are reported in Figure 5a–d.
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3.5. Stability Studies

The short-term stability in all matrices showed mean sevoflurane calculated concen-
tration within 10% of the nominal concentrations for both QC levels. Similarly, sevoflurane
in the processed QCs was stable after 30 days at −20 ◦C, with an mean concentration in the
matrix of the analyte at less than 10% of nominal concentrations.

3.6. Method Application

Analysis performed on the controls (n = 20) was negative on all the matrices tested
(<LLOQ). The method was applied to measure the blood concentrations of a real forensic
case, which tested negative for alcohol, drugs and other psychoactive substances. As
the patient underwent anesthesia after the trauma, the toxicological analysis detected the
presence of sevoflurane at a concentration of 23.3 µg/mL, a value within the concentra-
tion ranges found in patients undergoing surgical anesthesia with sevoflurane [14]. The
chromatogram of the real case obtained by HS–GC–FID is reported in Figure 6a. The full
scan mass spectrum of sevoflurane obtained by GC–MS to be interpreted as a qualitative
confirmation is reported in Figure 6b.
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4. Discussion

The analytical methods to detect the volatile substance in post-mortem samples, such
as peripheral or central blood, kidney, brain, liver and urine, have long been studied in
forensic literature [4]. Analyses of the samples can be based on direct detection of the
compound itself in the blood or tissue, but, for some volatiles, also through the detection of
metabolites [20]. Blood is the most used matrix, but due to their lipophilic nature, volatile
compounds can be easily detected in other organs such as brain tissue. In fact, due to its
high fat content, the brain is a reliable source of sampling, and it is more resistant to post-
mortem decomposition [21]. Lungs tissue is also frequently sampled and analyzed during
autopsy procedures [22,23], and a previous study demonstrated that volatile compounds
can be retained in many tissues, including the lungs, and could be more informative in
cases with a burned body [24].

An overview of the most cited papers that report the detection and quantification of
sevoflurane, alone or with other volatiles, in the biological matrices is shown in Table 3. The
table also shows the methods applied in the three cases reported in the forensic literature,
all reporting sevoflurane-induced suicidal deaths [6,11,12].
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Table 3. An overview of the published methods for the detection of sevoflurane in biological samples.

Matrix Volume Extraction
Method

Separation
and Detection LOQ

Saito et al. [25] Blood 0.03 mL (PH)
0.5 mL (HS)

PH
HS GC–MS 1 µg/mL

Yang et al. [26] Blood 5 mL HS GC–MS 4.8 µg/mL

Kojima et al. [27] Blood 0.5 mL HS GC–FID with
COT *

Kovatsi et al. [14] Blood and
urine 1 mL HS GC–FID 52 µg/mL blood

41 µg/mL urine

Bourdeaux et al. [28] Plasma 1 mL HS GC–MS 1 µg/mL

Burrows et al. [6]

Blood
Urine

Tracheal
aspirate
Vitreous

Liver
Kidney

1 g HS GC–FID *

Rosales et al. [11]
Blood
Brain
Lungs

2.14 g
8.12 g
4.10 g

HS GC–FID *

Levine et al. [12]

Blood
Urine
Bile

Kidney
Liver

0.5 mL
0.5 mL
0.5 mL
0.5 g
0.5 g

HS GC–MS 1 µg/mL

Current method

Blood
Urine
Brain
Lungs

0.5 mL
0.5 mL
0.5 g
0.5 g

HS GC–FID 1 µg/mL
1 µg/g

* not reported; PH: Pulse Heating.

The table shows that most of the developed methods, including those applied in
the case reports, were based on the direct detection of sevoflurane. In fact, only 5% of
sevoflurane is metabolized into hexafluroisopropanol (HFIP) by the hepatic cytochrome
isoenzyme family. HFIP is conjugated and eliminated in the urine. No other metabolic
pathway has been identified. Moreover, the volatile metabolites analysis was important
both in occupational and environmental exposure and in the monitoring of abuse [29,30].
In post-mortem cases, the metabolites in urine seemed less relevant, as the detection of
the volatile that exerts the toxicity in blood or tissues can provide a direct toxicological
link between exposure and death or the state of acute intoxication. Therefore, the direct
identification of sevoflurane has been recognized as the preferred method to assess the
presence of the volatile compound. Many other methods have been validated on exhaled
air, and they cannot be obviously applied in a post-mortem setting [31,32]. The analysis
of sevoflurane in urine is commonly used for the biomonitoring of exposed workers for
clinical purposes on living subjects [33,34].

The literature review demonstrated that, in forensic cases, organ analysis provides
insight into the post-mortem distribution of sevoflurane to better understand the cause of
death. To date, most published methods for the detection and quantification of sevoflurane
and other volatile compounds have been validated on blood samples [25–28] and rarely on
urine or plasma samples [14]. Plasma is not a valid matrix for post-mortem samples since
post-mortem blood is characterized by a variable degree of hemolysis, which prevents the
separation of the serum or plasma [35]. In addition, blood and urine cannot always be
taken during an autopsy, as in the case of burned bodies or after a long PMI, and organ
analysis is the only method available in some cases. Analysis of the other organs may be
useful to study the distribution of the compounds in the organs, to reduce the hypothesis
of external contamination and to confirm the results obtained in the other matrices. The
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comparison with the pre-existing methods also shows that, to the best of our knowledge,
this is the first validated method for the detection and quantification of sevoflurane on
brain and lungs tissue. Moreover, the low sample volume (0.5 mL of blood and urine and
0.5 g for brain and lungs) allows for the repeatability of the analysis, which is a major issue
in case of analyses performed for forensic purposes. The present method also respects the
minimum standards of practice for validating the analytical methods in forensic toxicology,
which are not always respected for the methods designed for clinical application or for the
method published in the past. The validation of a method is fundamental in forensics to
determine if a method is suitable to be used in court, as stated by the Daubert criteria for
the admissibility of an expert testimony in a trial [36].

Regarding the technique of the analysis chosen, gas-chromatography coupled with
flamed ionizing detection (GC–FID) is a well-established method for the detection and
quantification of volatiles for forensic purposes. In fact, the “Guidelines for the Forensic
analysis of drugs facilitating sexual assault and other criminal acts” of the United Nations
Office on Drugs and Crime (UNODC) [37] reports that the analysis for volatile substances
can be achieved by HS–GC with either FID or with MS detection. According the UNODC
guidelines, the identification and confirmation of the volatiles present in the samples is
considered positive when the gas chromatogram reveals the presence of a signal whose
retention time is identical to the positive control analyzed simultaneously under the same
conditions. For this reason, the anesthetics not tested during the method interference
studies may hinder the ethanol analysis and vice versa. In forensic cases, a qualitative
confirmation by GC–MS is recommended.

The method presented was suitable for the identification and quantification of sevoflu-
rane in the fluids and organs inasmuch as the LOD and LLOQ of the method, as well as the
calibration range, encompass the concentrations described in the three cases of sevoflurane-
induced death reported in the literature. When toxicological investigations require lower
LOQ, the HS procedure could be optimized, for example, by increasing the sample volume,
the injection volume, or the temperature of the heater. In 2004, Burrows et al. [6] were the
first to report a death caused by sevoflurane inhalation involving a 44-year-old anesthetist
lying in a bed with an oxygen mask secured to his face, with numerous bottles of sevoflu-
rane found near the body. The toxicological analysis detected sevoflurane concentrations
of 26.2 µg/mL in the blood, 105 µg/mL in the urine, 31.9 µg/mL in the tracheal aspirate,
86.7 µg/mL in the vitreous humor, 30.8 µg/g in the liver and 12.8 µg/g in the kidney. The
remaining two cases were described in 2007. Lavine et al. [12] reported the death of a
47-year-old nurse found lying in a bed with a container of sevoflurane found in proximity
to the body. The sevoflurane concentrations were 16 µg/mL and 8.0 µg/mL in the central
and peripheral blood, 9.9 µg/mL in the bile, 29 µg/g in the kidney, 269 µg/g in the liver
and 1.1 µg/mL in the urine. Rosales et al. [11] reported the death of a 31-year-old anes-
thetist found dead in the surgery area, holding an uncapped empty bottle of sevoflurane.
The sevoflurane concentrations were 15 µg/mL in the blood and 130 µg/g in the brain
and lungs.

In two of the presented cases, sevoflurane analysis was carried out using GC–FID [6,11].
In one case [12], the analysis was performed using GC–MS. The authors report that the MS
acquisition was run in SIM mode, measuring 131, 69 and 181 mass ions for sevoflurane
and 117 and 198 mass ions for the internal standard (halothane). In all these reports, apart
from the blood and urine, concentrations of tissue samples were reported. However, the
validation plans, especially for the organs, were not extensively reported, thus not allowing
the repeatability of the analytical technique.

All the cases reported involved healthcare professionals and that sevoflurane, iden-
tified as the sole cause of death, was found in the range 16–26.2 µg/mL in the blood and
at higher values in the organs. However, a “threshold” cannot be defined as the data are
currently very scarce to define a distribution pattern in the fluids and organs in sevoflurane-
induced fatalities. Moreover, other circumstances, such as the time and post-mortem



Chemosensors 2023, 11, 133 12 of 14

redistribution of the volatile agents, are not always available in forensic casework. More
data are needed in order to define the distribution pattern of sevoflurane in fatalities.

The main limit of the present method is that, since it is based on FID, the identification
of the compound only relies on the exact retention time of the sevoflurane compared to a
known standard and on the absence of interreferences with the other tested volatiles, those
mainly encountered in forensic casework, including ethanol. In the absence of clinical,
circumstantial or forensic data that can be used to support the hypothesis of sevoflurane
intoxication, the present method should be supplemented with an MS-based technique,
the technique of choice for qualitative analysis in forensics that allows the library to be
used as a reference [38]. In fact, mass spectrometry is widely used in forensics because of
its enormous advantages, namely the high sensitivity and precision of the qualitative and
quantitative analysis and the small amount of the sample required. As an instrumental
analytical technique, MS is more reliable for identification and quantification purposes,
allowing the determination of the mass-to-charge ratio (m/z) of the charged and fragmented
molecules in the gas phase [39]. Therefore, in the real casework of suspected sevoflurane
intoxication, this method could be used to rule out or confirm sevoflurane exposure and
to evaluate the resulting concentrations in order to establish the cause of death through
multidisciplinary forensic analysis. In the case of isolated findings with no suspicious
history, the positive result could be supplemented with a qualitative GC–MS analysis or, if
possible, the identification/quantification of the major metabolite.

Recent forensic literature highlights that the crimes related to the use of inhalants
and/or anesthetics should not be underestimated. The present method could be profitably
applied in forensic casework and aid investigators to better understand the diffusion of
sevoflurane for non-medical use. Future research will focus on the extensive application of
this method to test its sensitivity and selectivity on a larger number of cases and to verify
the interfaces with the other types of volatiles.

5. Conclusions

Apart from clinical and occupational monitoring, toxicologists may be asked to in-
vestigate the presence of fluorinated anesthetics in biological matrices, also for forensic
purposes. The availability of a validated method on organs could prove useful in case
of an absence of “classic” biological matrices, such as blood and urine, as often occurs
when sampling is performed after longer post-mortem intervals. The proposed method,
validated following forensic guidelines and characterized by excellent linearity, precision,
accuracy and limit of detection/quantification, will find its application in the deaths that
occur during anesthesia, deaths from anesthetic abuse and other inhalant-induced deaths.
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