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Abstract

Under physiological conditions, the levels of ketone bodies in blood are low. Their production increases in significant insulin de-
ficiency and alcohol abuse, and this can lead to ketoacidosis. Hence, the determination of main ketone bodies, that is
B-hydroxybutyric acid (3-HBA) and acetoacetic acid (Ac-Ac), may be useful for diagnosis of sudden deaths. A simple and quick
method of B-HBA and Ac-Ac determination in post-mortem material (blood and urine) using gas chromatography — chemical
ionisation mass spectrometry was developed. The samples were extracted with acetonitrile. BSTFA + 1% TMCS was used for
derivatisation. The mass detector was operated in positive chemical ionisation mode; monitoring of selected ions: m/z 233
(B-HBA), m/z 231 (Ac-Ac) and m/z 239 (GHB-D6 used as an internal standard) was applied for quantitative analysis. The use of
chemical ionisation enabled reduction of the influence of the biological matrix (blood and urine), even when the decomposition
process had started. Full validation of the method demonstrated its specificity, high linearity (+*> 0.99), extraction yields suitable

for forensic toxicological analysis (77-97%), accuracy and precision.
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1. Introduction

The ketone bodies include B-hydroxybutyric acid
(B-HBA), acetoacetic acid (Ac-Ac) and acetone (Act).
In physiological conditions, their concentration in the
blood does not usually exceed 0.2 mmol/l [23]. The
proportions of B-HBA, Ac-Ac and Act are 78%, 20%
and 2%, respectively [3]. However, these relations are
not fixed, because Ac-Ac may be converted under the
influence of mitochondrial D(-)-3-hydroxybutyrate
dehydrogenase into B-HBA (and vice versa), while
acetoacetic acid is subjected to constant, spontaneous
decarboxylation to acetone [24].

Determination of the ketone bodies in a living per-
son plays an important role in the diagnosis of diabetes

[12, 13, 14, 19]. According to the American Diabetes
Association, their monitoring is recommended in pa-
tients with type 1 diabetes during infection, increased
stress, chronic hyperglycemia, and when the symp-
toms of ketoacidosis occur [1]. A high concentration
of ketone bodies in post-mortem material may thus be
the only marker of such ante-mortem events and bio-
chemical disturbances [26]. High concentrations have
also been observed in persons abusing alcohol, and in
cases where death was caused by hypothermia [7, 15,
16, 25, 27].

Ketone bodies can be determined in the urine of
living persons using tests based on the reaction with
sodium nitroprusside [9, 10], but these methods are
semi-quantitative and do not allow detection of
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B-HBA. Moreover, ketone bodies appear in urine with
a 2—4-hour delay when compared to blood. The result
of a urine test may thus be negative, even though
ketonemia already exists — determined mainly by
B-HBA, as the proportion of B-HBA to Ac-Ac in blood
in such cases may be up to 10:1 [18]. This means that
the developing acidosis is due mainly to an increase in
B-HBA. Thus, determination of 3-HBA in blood is
more useful in diagnosis of ketonemia (and monitoring
of ketoacidosis) than determination of ketone bodies
in urine [20, 28].

The methods for ketone bodies determination (both
enzymatic and chromatographic) which can be found
in the literature have been used mainly to study mate-
rial collected from living persons [2, 6, 21, 30, 31].
A technique involving static headspace analysis in
combination with gas chromatography and FID detec-
tion, after enzymatic oxidation of B-HBA to Ac-Ac
followed by thermal decarboxylation of Ac-Ac to Act,
has been developed for their determination in post-
mortem material [8]. However, due to its multistage
character, this method has many disadvantages, in-
cluding a narrow range of linearity and poor accuracy
caused mainly by the indirect character of B-HBA de-
termination.

Therefore, the study was aimed at development and
full validation of a rapid and simple method of B-HBA
and Ac-Ac determination in post-mortem material
(blood and urine) which would be suitable for giving
an opinion on the cause of death.

2. Material and methods
2.1. Reagents

Acetonitrile Chromasolv (ACN, Riedel-de Haén, Ger-
many), B-HBA sodium salt, Ac-Ac lithium salt (Sigma-
Aldrich, Germany), y-hydroxybutyric acid (GHB, Ceril-
liant, United States), y-hydroxybutyric acid-D6 (GHB-
D6, Cerilliant, United States), ethyl acetate (Merck, Ger-
many), N,O-bis(trimethylsilyl)trifluoroacetamide with
1% trimethylchlorosilane (BSTFA + 1% TMCS, Sigma-
Aldrich, Germany) and deionised water obtained using
a Milli-Q (Millipore, United States) were used as the re-
agents.

2.2. Biological material

The investigated materials were:

— 6% bovine albumin, obtained by dilution of 30%
solution (BSA, Sigma-Aldrich, Germany) in de-
ionised water; this was used to select the conditions

of B-HBA and Ac-Ac determination, and to opti-
mise and validate the developed method;

— 6 blood samples and 6 urine samples taken during
autopsy from 6 persons who had died immediately
after an injury. This material was used to determine
the extraction efficiency and to verify the specific-
ity of the method.

2.3. Extraction

A 100 pl portion of 6% BSA (and then also blood
and urine) was placed in an Eppendorf-type vial, and
10 ul of the internal standard (GHB-D6) solution was
added to reach a concentration of 10 ul/ml. The sam-
ples were vortex-mixed, followed by drop wise addi-
tion of 200 ul ACN while simultaneously mixing, and
then mixing for another 30 seconds. Then they were
centrifuged at 15 000 rpm for 10 minutes. 200 pl por-
tions of organic phase were transferred into inserts,
and evaporated until dry in a stream of nitrogen at
room temperature. 50 pl of ethyl acetate and 50 pl of
BSTFA + 1%TMCS were added to the prepared mate-
rial, and it was derivatised for 30 minutes at 60°C.

2.4. Instruments and chromatographic conditions

A Trace GC Ultra (Thermo Electron, United Sta-
tes) gas chromatograph equipped with split/splitless
injector operating at 280°C and a TRIPlus autosampler
(Thermo Electron, United States) was applied and was
coupled to a Trace DSQ (Thermo Electron, United
States) quadruple mass spectrometer. Chromatograph-
ic separation was carried out on an RXi-5ms (30 m x
0.25 mm x 0.25 um, Restek, United States) capillary
column. Initial oven temperature (60°C) was main-
tained for 0.1 min, then increased (7°C/min) to 90°C,
held for 2 min, and then increased (20°C/min) to 180°C
and held for 3 minutes. The transfer line temperature
was 280°C and the ion source temperature was 200°C.
The mass detector was operated in positive chemical
ionisation (PCI) mode. Helium was used as a carrier
gas (1.0 ml/min), and methane was the ionisation gas
(2.0 ml/min). The injection volume was 1 pl. The oper-
ations of the gas chromatograph and the mass spec-
trometer were controlled by X’calibur software, which
was also used for data treatment.

In qualitative analysis, full mass spectra of B-HBA,
Ac-Ac and GHB-D6 were recorded in full scan mode
(Figure 1), and the most intensive ions were selected
for further study in selected ion monitoring mode
(SIM). In quantitative analysis, the analytical signals
ofions m/z233 (B-HBA), 231 (Ac-Ac) and 239 (GHB-
D6) were recorded.
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Fig. 1. The mass spectrum of the trimethylsilyl derivative of
B-hydroxybutyrate (A), acetoacetate (B), deuterated y-hy-
droxybutyrate (C) obtained by positive-ion chemical ionis-
ation.

3. Results
3.1. Linearity

B-HBA and Ac-Ac were added to the vials with
a biological matrix, i.e. 6% BSA solution (used as
a substitute for blood and urine, free from endogenous
compounds including ketone bodies), in amounts re-
quired to obtain the concentrations: 0.1, 0.2, 0.5, 1, 2,
5,10, 20 and 50 pg/ml. Calibration curves were drawn
based on the relationship between the peak areas for
these concentrations of B-HBA and Ac-Ac and the
peak area of GHB-DG6 at a concentration of 10 pg/ml.

It was found based on the determinations at 9 con-
centration levels that the developed GC-PCI-MS method
was linear over the whole range (0.1-50 pg/ml), which
is shown in Figure 2. Coefficients of determination for
B-HBA and Ac-Ac were: 7 = 0.9980 and * = 0.9948,
respectively.
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Fig. 2. Calibration curves for B-hydroxybutyrate (A) and
acetoacetate (B) in range 0.1-50 pg/ml.

3.2. Limits of detection and quantification

Limits of detection (LOD) and quantification (LOQ)
were determined using X’calibur software, based on
an algorithm proposed by the instrument’s manufac-
turer. The limit of detection (LOD) for B-HBA was
0.0005 pg/ml, whereas it was 0.005 pug/ml for Ac-Ac.
The LODs corresponded to the concentration of
analytes when the signal to noise ratio was 3. The lim-
its of quantification (LOQs) were 0.001 pg/ml for
B-HBA and 0.01 pg/ml for Ac-Ac, and they were equal
to the concentration of analytes when the signal to
noise ratio was 6 (Table I).

TABLE I. THE PARAMETERS OF CALIBRATION CURVES FOR 3-HBA AND Ac-Ac (OBTAINED BY GC-PCI-MS)

Analyte Concentration Equation of linear P LOD" LOQ?
range [pg/ml] regression [ng/ml] [ng/ml]

B-HBA 0.1-50.0 y=0.1314x + 0.0995 0.9980 0.0005 0.001

Ac-Ac 0.1-50.0 y=10.0579x + 0.0180 0.9948 0.0050 0.010

a) Regression coefficient; b) limit of detection; c) limit of quantification.
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3.3. Precision and accuracy

Two samples of B-HBA and Ac-Ac in 6% BSA so-
lution, in which the concentrations were 0.2 pg/ml and
10 pg/ml, were used to determine the precision and ac-
curacy of the method. The intra-group precision and
accuracy were tested in a single day in six replications,
whereas the inter-group parameters were determined
based on the analysis of the above standards in three
replications (the second set of measurements was per-
formed after 3 days, and the third after 9 days). The
data were used to calculate the method precision ex-
pressed as a percentage (as the ratio of the absolute
standard deviation (SD) to the mean analyte concentra-
tion) and its accuracy (as the ratio of the mean concen-
tration of an analyte to its actual concentration in the
sample).

The accuracy and the precision of B-HBA and Ac-Ac
determinations were 80—-115.9% and 3.02-19.89%, re-
spectively (intra-group) and 80-112.3% and 10.82—
13.16%, respectively (inter-group), as shown in Table IL.

3.4. Recovery

The extraction recovery was determined for two
concentrations of B-HBA and Ac-Ac in 6% BSA
(0.2 pg/ml and 10 pg/ml), in six replications at each
level. The mean recovery of the ketone bodies was cal-
culated by comparison of the analytical signals of
B-HBA and Ac-Ac extracts in 6% BSA with the ana-
lytical signals of their standards at the same concentra-
tion in methanol. In addition, 10 pl of B-HBA and
Ac-Ac solutions at a concentration of 100 pg/ml were
added to 100 ul of each of six blood samples and six
urine samples (obtained from 6 corpses), and the abso-
lute extraction efficiency of these ketone bodies from
the material “burdened” by whole biological matrix

was checked. It was calculated according to the for-
mula:

%W:A;B.l()(),
C

where: 4 — the analyte signal obtained for extract of
blood (or urine) sample spiked with B-HBA and
Ac-Ac, B — the analyte signal obtained for extract of
blood (or urine) sample without the addition of B-HBA
and Ac-Ac; C — the analytical signal obtained for anal-
ysis of B-HBA and Ac-Ac solutions in methanol at
a concentration of 100 pg/ml.

High extraction efficiencies of 3-HBA and Ac-Ac
were obtained for 6% BSA (in the range 80-97%) as
well as for blood and urine (in the range 77-90%) (see
Table III).

3.5. Specificity

Verification of the method specificity was per-
formed by conducting the whole analytical process for
two blood and urine samples with the addition of 10 pug
GHB/ml. No effect of GHB on 3-HBA and Ac-Ac de-
termination was observed, which indicates good speci-
ficity of the method (Figure 3). The choice of GHB
resulted from its co-existence in blood [22] and urine
[17], and the large variability of its concentrations in
post-mortem material. The studies were performed in
the selected ions monitoring mode, which increases
the method specificity. Moreover, B-HBA and GBH
are constitutional isomers, so their mass spectra are
very similar, therefore it is necessary to distinguish
them.

TABLE II. VALIDATION DATA OF 3-HBA AND Ac-Ac DETERMINATION BY GC-PCI-MS

Analyte Intra-day validation (n = 6) Inter-day validation (n = 6)
[hg/mli] Mean determined ~ RSD Accuracy Mean determined ~ RSD Accuracy
concentration [%] [%] concentration [%] [%]
[ng/ml] [ng/ml]
B-HBA
0.2 0.19 14.53 95.00 0.16 10.82 80.00
10.0 11.59 3.02 115.90 11.23 11.26 112.30
Ac-Ac
0.2 0.16 19.89 80.00 0.17 12.62 85.00
10.0 10.21 3.20 102.10 10.82 13.16 108.20

Problems of Forensic Sciences 2009, vol. LXXIX, 294-302
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TABLE III. EXTRACTION RECOVERY OF -HBA

AND Ac-Ac
Analyte, Recovery [%] (£ SD), (n = 6)
[wg/ml] 60, BSA®  Blood”  Urine”
B-HBA
02 802+123 792+£93 77.2+103
10.0 97.6+ 2.8 902+56 856+ 8.7
Ac-Ac
02 946+ 84 884+£72 832+ 95
10.0 957+ 4.1 893+6.7 84.1+11.4

a) The mean recovery determined by comparison of the analyti-
cal signals of f-HBA and Ac-Ac extracts in 6% BSA at a con-
centration of 0.2 and 10 pg/ml with (the signals of) their
standards in methanol at the same concentration; b) the absolute
extraction efficiency calculated as described in the text.
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Fig. 3. Chromatograms of extracted blood with addition of
B-HBA (A), Ac-Ac (B), GHB-D6 (C) and GHB (D).

4. Discussion

The proposed GC-PCI-MS method allows the
rapid determination of both Ac-Ac, which is character-
ised by very low stability in serum [11], and B-HBA,
which is a better marker of ketonemia [5, 18, 29].
It does not exhibit the drawbacks and limitations of the
semi-quantitative tests used for clinical purposes. Due
to the substantial degree of haemolysis and autolysis
of post-mortem blood, ready-to-use kits (e.g. used to
determine the concentrations of NADH, which is
formed by oxidation of an equimolar amount of
Ac-Ac) and also other methods based on determina-

tion of colour products of the reaction between Ac-Ac
or Act and, for example, sodium nitroprusside or ferric
chloride [9, 10], cannot be applied. Moreover, the
level of ketoacidosis determined by these methods
may be underestimated, because -HBA is not de-
tected directly, and limitation of diagnostic procedure
to just the determination of Ac-Ac and Act makes it
impossible to detect cases in which ketonemia results
almost exclusively from an increase in B-HBA con-
centrations [4].

5. Conclusions

The presented GC-PCI-MS method of ketone bod-
ies determination allows rapid and simultaneous anal-
ysis of Ac-Ac and -HBA. This technique is specific,
accurate and precise, and ensures a high extraction ef-
ficiency.

The applied extraction procedure and the applica-
tion of chemical ionisation to the analysis of the tested
compounds, as well as the monitoring of selected ions
enables reduction of the influence of post-mortem bio-
logical matrix, which is particularly burdened by in-
gredients produced in putrefaction and autolytic
processes. Furthermore, the validation results lead to
the conclusion that the proposed method of ketone
bodies determination is suitable for assessment of the
level of ketonemia and ketonuria.
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OZNACZANIE CIAL KETONOWYCH WE KRWI 1 MOCZU ZE ZWLOK
METODA CHROMATOGRAFII GAZOWEJ SPRZEZONEJ
ZE SPEKTROMETRIA MAS Z DODATNIA JONIZACJA CHEMICZNA

(GC-PCI-MS)

1. Wprowadzenie

Do cial ketonowych zaliczamy kwas -hydroksyma-
stowy (B-HBA), kwas acetooctowy (Ac-Ac) oraz aceton
(Act). W warunkach fizjologicznych ich stezenie we krwi
zwykle nie przekracza 0,2 mmol/l [23]. Odsetkowy udziat
B-HBA, Ac-Ac i Act wynosi przy tym odpowiednio:
78%, 20% 1 2% [3]. Relacje te nie sa jednak state, ponie-
waz Ac-Ac moze by¢ przeksztatcany w -HBA (i od-
wrotnie) pod wptywem mitochondrialnej dehydrogenazy
D(-)-3-hydroksymaslanowej, a rownoczes$nie kwas ace-
tooctowy ulega ciagtej, samoistnej dekarboksylacji do
acetonu [24].

Zazyciowe oznaczanie cial ketonowych odgrywa
istotna rol¢ w diagnostyce cukrzycy [12, 13, 14, 19].
Wedlug stanowiska Amerykanskiego Towarzystwa Dia-
betologicznego zalecane jest ich monitorowanie u pacje-
ntow z cukrzyca typu 1 w przebiegu infekcji, zwigkszo-
nego stresu, w przewlektej hiperglikemii oraz wowczas,
gdy wystapia objawy kwasicy ketonowej [1]. Wysokie
stezenie ciat ketonowych w materiale pobranym ze zwtok
moze wigc by¢ jedynym markerem takich przedsmiert-
nych wydarzen i zaburzen biochemicznych [26]. Ob-
serwowano je rowniez u osob naduzywajacych alkoholu
oraz wowczas, gdy $mier¢ byla skutkiem nadmiernego
wychtodzenia [7, 15, 16, 25, 27].

Ciata ketonowe w moczu oso6b zywych mozna ozna-
czy¢ przy uzyciu testow opartych na reakcji z nitroprusyd-
kiem sodu [9, 10], ale metody te maja charakter pot-
iloSciowy i1 nie pozwalaja na wykrycie kwasu B-HBA.
Ciata ketonowe w moczu pojawiaja si¢ ponadto z 2—4-go-
dzinnym op6znieniem w stosunku do krwi. Wynik bada-
nia moczu moze wigc by¢ negatywny, mimo ze istnicje
juz ketonemia determinowana gtownie przez B-HBA,
gdyz proporcja f-HBA do Ac-Ac we krwi w tego rodzaju
przypadkach moze wynosi¢ nawet do 10:1 [18], co $wiad-
czy o tym, ze rozwijajaca si¢ kwasica zalezy gltéwnie od
wzrostu B-HBA. Oznaczanie B-HBA we krwi jest zatem
bardziej przydatne do rozpoznawania ketonemii (i moni-
torowaniu przebiegu kwasicy ketonowej) niz oznaczenie
ciat ketonowych w moczu [20, 28].

Metody oznaczen ciat ketonowych (enzymatyczne
i chromatograficzne), ktore mozna znalez¢ w piSmiennic-
twie, stosowane byly glownie do badania materiatu po-
branego od 0s6b zywych [2, 6, 21, 30, 31]. Do ich oznacza-
nia w materiale pobranym ze zwtok opracowano technike
statycznej analizy fazy nadpowierzchniowej w potacze-

niu z chromatografia gazowa i detekcja FID po enzyma-
tycznym utlenieniu B-HBA do Ac-Ac, a nastgpnie ter-
micznej dekarboksylacji Ac-Ac do Act [8]. Ze wzgledu
na wieloetapowo$¢ metoda ta obarczona jest jednak sze-
regiem wad, a zwlaszcza waskim zakresem liniowosci
oraz staba doktadnoscia spowodowana glownie posred-
nim oznaczaniem -HBA.

Celem pracy byto wigc opracowanie i pelna walidacja
takiej szybkiej i prostej metody oznaczania B-HBA
i Ac-Ac w materiale (krwi oraz moczu) pobranym ze
zwlok, ktora bytaby odpowiednia dla potrzeb opiniowa-
nia o przyczynie zgonu.

2. Materialy i metody
2.1. Odczynniki

Uzyte odczynniki: Acetonitryl Chromasolv (ACN,
Riedel-de Haen, Niemcy), f-HBA w postaci soli sodo-
wej, Ac-Ac w postaci soli litowej (Sigma-Aldrich, Niem-
cy), kwas y-hydroksymastowy (GHB, Cerilliant, Stany
Zjednoczone), kwas y-hydroksymastowy-D6 (GHB-D6,
Cerilliant, Stany Zjednoczone), octan etylu (Merck, Niem-
cy), N,O-bis(trimetylosililo)trifluoroacetamid z dodatkiem
1% trimetylochlorosilanu (BSTFA +1%TMCS, Sigma-
Aldrich, Niemcy), woda dejonizowana uzyskana przy
uzyciu Milli-Q (Millipore, Stany Zjednoczone).

2.2. Materiat biologiczny

Materiat do badan stanowity:

— 6% albumina wolowa uzyskana przez rozcienczenie
woda dejonizowana 30% roztworu (BSA, Sigma-
Aldrich, Niemcy), ktéra stuzyla do okreslenia wa-
runkéw oznaczania kwasu f-HBA i Ac-Ac, a takze
do optymalizacji i walidacji metody;

— 6 probek krwi i 6 probek moczu pobranych w trakcie
sekeji zwlok 6 0sob, ktore zmarty bezposrednio po
zadziataniu urazu. Materiat uzyto do okreslenia wy-
dajnos$ci ekstrakcji oraz sprawdzenia specyficznosci
metody.

2.3. Ekstrakcja

Do 100 pl 6% BSA (a nastgpnie takze krwi i moczu)
w fiolce typu Eppendorf dodawano 10 pl roztworu
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wzorca wewngtrznego GHB-D6 do osiagnigcia st¢zenia
10 pg/ml. Probki mieszano za pomoca wytrzasarki typu
worteks, po czym w trakcie mieszania dodawano matymi
kroplami 200 pl ACN i mieszano jeszcze przez 30 se-
kund, a nastgpnie odwirowywano przez 10 minut przy
15 000 rpm. 200 pl fazy organicznej przenoszono do inser-
tow 1 odparowywano do sucha w strumieniu azotu w tem-
peraturze pokojowej. Do tak uzyskanego materiatu doda-
wano 50 pl octanu etylu oraz 50 pul BSTFA z 1%TMCS
i derywatyzowano przez 30 minut w temperaturze 60°C.

2.4. Aparatura i warunki chromatograficzne

Zastosowano chromatograf gazowy Trace GC ULTRA
(Thermo Electron, Stany Zjednoczone) z dozownikiem
typu split/splitless pracujacym w temperaturze 280°C,
wyposazony w automatyczny podajnik probek TRIPlus
(Thermo Electron, Stany Zjednoczone), sprz¢zony z kwa-
drupolowym spektrometrem mas Trace DSQ (Thermo
Electron, Stany Zjednoczone). Rozdziat chromatograficz-
ny prowadzono na kolumnie kapilarnej typu RXi-5ms
(30 m x 0,25 mm x 0,25 um, Restek, Stany Zjednoczone).
Poczatkowa temperatura pieca (60°C) utrzymywana byla
przez 0,1 min, po czym wzrastata (7°C/min) do tempe-
ratury 90°C utrzymywanej przez 2 min, a nastepnie
(20°C/min) do temperatury 180°C utrzymywanej przez
3 minuty. Temperatura linii transferowej wynosita 280°C,
a zrodla jondw 200°C. Detektor mas pracowat w trybie
dodatniej jonizacji chemicznej (PCI). Gazem no$nym byt
hel (1,0 ml/min), a jonizujacym metan (2,0 ml/min).
Objetos¢ nastrzyku wynosita 1 pl. Chromatograf gazowy
i spektrometr masowy pracowaly pod kontrola programu
X’calibur, ktory wykorzystano rowniez do obrobki da-
nych.

W analizie jako$ciowej (w trybie full scan) rejestro-
wano pelne widma masowe B-HBA, Ac-Ac i GHB-D6
(rycina 1), z ktérych wybrano najintensywniejsze jony do
dalszych badan w trybie monitorowania wybranych jo-
now (SIM). W analizie ilosciowej rejestrowano sygnat
analityczny pochodzacy od jondéw: m/z 233 (B-HBA),
231 (Ac-Ac) oraz 239 (GHB-D6).

3. Wyniki
3.1. Liniowos¢

Do fiolek z matryca biologiczng pod postacia 6% roz-
tworu BSA (ktory zastosowano jako substytut krwi i mo-
czu wolny od zwiazkow endogennych, w tym réwniez
cial ketonowych) dodawano 3-HBA i Ac-Ac w ilosci po-
zwalajacej na uzyskanie stgzen; 0,1; 0,2; 0,5; 1; 2; 5; 10;
201 50 pg/ml. Krzywe kalibracyjne wykreslono na pod-
stawie relacji migdzy polami powierzchni pikow dla tych

stezen B-HBA i Ac-Ac a polem powierzchni GHB-D6
o stezeniu 10 pg/ml.

Na podstawie 9-punktowych oznaczen stwierdzono,
ze opracowana metoda GC-PCI-MS byta liniowa w ca-
tym zakresie (0,1-50 pg/ml), co przedstawia rycina 2.
Wspotczynniki determinacji dla f-HBA i Ac-Ac wynosity
przy tym odpowiednio: 7 = 0,9980 oraz /* = 0,9948.

3.2. Granica wykrywalnos$ci i oznaczalnosci

Granice wykrywalnosci (LOD) i oznaczalnosci (LOQ)
byly wyznaczone z wykorzystaniem oprogramowania
X’calibur w oparciu o algorytm zaproponowany przez pro-
ducenta aparatu. Granica wykrywalnosci (LOD) dla B-HBA
wynosita 0,0005 pg/ml, zas dla Ac-Ac 0,005 pg/ml, co od-
powiadalo stgzeniu analitow w przypadku, gdy stosunek
sygnatu do szumu wynosit 3. Granice oznaczalnosci (LOQ)
wynosity: 0,001 pg/ml dla B-HBA oraz 0,01pg/ml dla
Ac-Ac, co odpowiadalo stezeniu analitow w przypadku,
gdy stosunek sygnatu do szumu byt rowny 6 (tabela I).

3.3. Precyzja i doktadno$¢

Uzyto 2 probek, w ktorych stgzenia B-HBA i1 Ac-Ac
w 6% roztworze BSA wynosily 0,2 pg/ml oraz 10 pg/ml.
Wewnatrzgrupowa precyzje i doktadnos$¢ badano w cia-
gu jednego dnia w szeSciu powtdrzeniach, natomiast mig-
dzygrupowa wyznaczono na podstawie analizy wyzej
wymienionych stgzen w trzech powtorzeniach (drugie po
uplywie 3 dni, a trzecie po uptywie 9 dni). Na tej pod-
stawie okreslono w procentach precyzjg metody (jako re-
lacj¢ migdzy bezwzglednym odchyleniem standardowym
(SD) a $rednim wyznaczonym stgzeniem analitu) 1 jej
doktadnos¢ (jako relacj¢ migdzy srednim wyznaczonym
stezeniem analitu a jego rzeczywistym stezeniem w ba-
danej probcee).

Doktadno$¢ i precyzja oznaczen B-HBA i Ac-Ac za-
wieraty si¢ odpowiednio w zakresach 80—115,9% 1 3,02—
19,89% (wewnatrzgrupowa) oraz 80-112,3% i 10,82—
13,16% (migdzygrupowa), co wynika z zestawienia w ta-
beli I1.

3.4. Wydajnos¢

Wydajnos¢ ekstrakcji oznaczono dla dwdch stezen
B-HBA oraz Ac-Ac w 6% BSA (0,2 pg/ml i 10 pg/ml)
przy sze$ciu powtdrzeniach dla kazdego z nich. Sredni
odzysk cial ketonowych wyznaczono przez poréwnanie
sygnatow analitycznych ekstraktow B-HBA oraz Ac-Ac
z 6% BSA z sygnalem analitycznym ich metanolowych
wzorcOw o tym samym st¢zeniu. Ponadto do 100 pl kaz-
dej z szesciu probek krwi i szesciu probek moczu (uzys-
kanych z 6 zwlok) dodano po 10 pl roztworu B-HBA
i Ac-Ac o stezeniu 100 pg/ml i sprawdzono bezwzgledna
wydajnos¢ ekstrakeji tych cial ketonowych z materiatu
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»obciazonego” pelna matryca biologiczna, ktoéra obli-
czono wedtug wzoru:

%W:ﬁ.loo’
C

gdzie: A — sygnal analitu uzyskany z ekstraktu z probki
krwi (lub moczu) z dodatkiem B-HBA i Ac-Ac; B — sy-
gnat analitu uzyskany z ekstraktu z prébki krwi (lub mo-
czu) bez dodatku B-HBA i Ac-Ac; C —sygnat analityczny
uzyskany z analizy metanolowych roztworéw wzorcow
B-HBA i Ac-Ac o stezeniu 100 pg/ml.

Uzyskano wysoka wydajnos¢ ekstrakcji B-HBA
oraz Ac-Ac zaréwno z 6% BSA (w zakresie 80-97%),
jak 1z krwi i moczu (w zakresie 77-90%) (tabela III).

3.5. Specyficznos¢

Weryfikacje specyficznos$ci metody przeprowadzo-
no, poddajac pelnemu procesowi analitycznemu po dwie
proby krwi i moczu z dodatkiem GHB do osiagnigcia ste-
zenia 10 pg/ml. Nie stwierdzono wptywu GHB na ozna-
czanie B-HBA i Ac-Ac, co $wiadczy o dobrej specyficz-
no$ci metody (rycina 3). Wybdr GHB byt uzasadniony
jego wspotobecnoscia we krwi [22] i moczu [17], a takze
duza zmienno$cia stgzen w materiale poSmiertnym.
Ponadto 3-HBA i GHB to izomery konstytucyjne, dajace
bardzo podobne widma masowe, zatem ich rozréznienie
jest konieczne.

4. Dyskusja wynikow

Zaproponowana metoda GC-PCI-MS pozwala na
szybkie oznaczanie zaréwno Ac-Ac, ktory charaktery-
zuje si¢ bardzo niska stabilnoscig w surowicy krwi [11],
ale rowniez B-HBA, ktory jest lepszym markerem keto-
nemii [5, 18, 29]. Nie wykazuje przy tym wad i ograni-
czen, ktorymi obarczone sa potilosciowe testy stosowane
dla potrzeb klinicznych. Z uwagi na znaczny stopien he-
molizy i autolizy krwi pobranej ze zwlok, do oceny po-
ziomu ketonemii nie mozna zastosowa¢ gotowych zesta-
wow (np. pozwalajacych na okreslenie st¢zenia NADH
powstajacego w wyniku utleniania ekwimolarnej ilosci
Ac-Ac), jak rowniez innych metod opartych na ozna-
czaniu barwnych produktow reakcji Ac-Ac lub Act, np.
z nitroprusydkiem sodu lub chlorkiem Zelazowym [9,
10]. Poziom kwasicy ketonowej oznaczony za pomoca
tych metod moze by¢ ponadto zanizony, poniewaz nie
wykrywaja one 3-HBA bezposrednio, a ograniczenie po-
stgpowania diagnostycznego wylacznie do oznaczania
Ac-Ac i Act uniemozliwia wykrycie tych przypadkow,
w ktorych ketonemia polega niemal wylacznie na wzros-
cie stezenia B-HBA [4].

5. Podsumowanie

Przedstawiona metoda GC-PCI-MS oznaczania ciat
ketonowych pozwala na szybkie i rownoczesne oznacza-
nie Ac-Ac oraz B-HBA. Jest przy tym technika specyficz-
na, odpowiednio doktadna i precyzyjna, a takze zapew-
niajaca wysoka wydajno$¢ ekstrakcji.

Zastosowana procedura ekstrakcyjna oraz mozliwos$¢
analizy oznaczanych substancji przy uzyciu jonizacji
chemicznej, a takze monitorowanie wybranych jonow,
pozwalaja na znaczna redukcj¢ wptywu matrycy biolo-
gicznej pochodzacej z materialu po§miertnego, ktory jest
szczegolnie obciazony sktadnikami wytworzonymi w pro-
cesach gnilno-autolitycznych. Ponadto rezultaty walida-
cji prowadza do wniosku, Zze zaproponowana metoda
oznaczania ciat ketonowych jest odpowiednia dla oceny
poziomu ketonemii i ketonurii.
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