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SUMMARY 

Work carried out in this laboratory aiming at the development of generally applicable methods for 
analysis of steroids in biological materials is reviewed. Isolation and separation of groups of steroids 
is achieved by chromatography in miscible solvent systems on neutral or ion exchanging lipophilic 
derivatives of Sephadex. Reversed or straight-phase systems can be designed to obtain columns which 
act as filters to remove unwanted material. 

The hydrolyzed steroids are converted to 0-methyloxime-trimethylsilyl ether derivatives which are 
purified by liquid-gel chromatography and analyzed by computerized gas chromatography-mass spec- 
trometry. Repetitive magnetic scanning of the entire mass range or repetitive accelerating voltage scan- 
ning of a limited mass range is used to monitor individual fragment ion currents. Spectra are recorded 
on magnetic tape, and peaks in fragment ion current chromatograms are located by the computer 
which performs a preliminary search for potential molecular ions in spectra taken at the located 
peaks. Quantitative determinations are based on areas of peaks with correct retention time in chromato- 
grams based on the current of specific fragment ions. 

Similar methods are used to determine the number and abundance of heavy atoms in steroids 
formed from precursors labelled with stable isotopes and in metabolites formed from steroids labelled 
with stable isotopes in specific positions. 

The aim of the work reviewed in this paper is to 
develop generally applicable methods for unbiased 
analysis of steroids in biological materials. Because 
of its high specificity gas chromatography-mass spec- 
trometry (CC-MS) has been chosen as the final step 
in the analyses. Efficient use of GC-MS for routine 
analysis of large numbers of samples requires compu- 
terization of data acquisition and evaluation. 

The malytical procedure may he divided irlto three 
stages 

1. Extraction, purification and derivative forma- 
tion; 2. GC-MS-analysis; 3. computer evaluation of 
data. Methods for the first stage should be selected 
to meet the requirements of the GC-MS~omputer 
analysis. Therefore, isolation procedures devised for 
use with other analytical methods may not be suit- 
able. 

PREPARATION OF SAMPLES FOR GC-MS 
ANALYSIS 

The system for isolation and purification of steroids 
developed in this laboratory is based on the synthesis 
of lipophilic-hydrophobic Sephadex derivatives which 
contain neutral or charged substituents [l-5]. These 
derivatives can be used with miscible organic solvent 
systems to give columns for straight-pha~ or 
reversed-phase partition (or adsorption) chromat- 
ography. Commonly used derivatives may be exem- 
plified by the following schematic structures: 

SEPH-&CH*---CH-CH3 

h H 

(Sephadex LH-20 (Pharmacia Fine Chemicals, Upp- 
sala, Sweden), for straight-phase chromatography) 

SEPH-0-CH,-CH-CH, 

A- CHr-CH-_(CH&_, ,-CH, 

A H 

(Lipidex-1000 containing lOO;, and Lipidex-5000 con- 
taining 50% (w/w) hydroxyalkyl groups (Packard- 
Becker, Groningen, Holland) for straight- or reversed- 
phase chromatography) 

SEPH-0-CH,--CH-CH 3 

b 

C,Hs 
/ 

CH,CH-CH,-N 

A \ 
H CzHs 

(DEAP-Sephadex, for anion exchange and straight- 
or reversed-phase chromatography). 

The use of DEAP-Sephadex permits rapid group 
separations of different types of acidic steroids, e.g. 
glucuronides, mono and disulphates as exemplified in 
Fig. 1 [S]. For quantitative binding of acidic steroids 
to this ion exchanger it is necessary first to remove 
organic cations by filtration of the extract through 
a strong cation exchanger [9]. Compared to neutral 
steroids phenolic steroids are retarded on DEAP- 
Sephadex columns. However, they can be eluted with 
neutral solvents without addition of electrolytes. 

Since most steroids cannot be directly subjected to 
gas chromatography it is necessary to protect hy- 
droxyi and 0x0 groups prior to GC-MS analysis. If 
mixtures confining a variety of steroid structures are 
to be analyzed, reactions with a wide range of appli- 
cability. giving single derivatives with good mass 
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Fig. 1. Separation of radioactive metabolites in urine from 
male subjects given 3H labelled cortisol (upper curve) and 
3/J-hydroxy-5-pregnen-20-one (lower curve). -Column: 0.6 g 
of DEAP-Senhadex. 130 x 4mm. Solvents: 72Y aa. eth- 
anol (&I 8 mi, non-acidic compounds), 0.25 M foimi’c acid 
in 72% ethanol (I 8-42 ml, glucuronides), 0.3 M potassium 
acetate pH 6.1 in 72% ethanol (42267 ml, monosulphates) 
and 0.5 M potassium acetate pH 10 in 72% ethanol (677 
90 ml, disulphates) (from Setchell, Alme, Axelson and 

Sjovall, to be published). 

spectrometric properties, should be chosen. At present 
the most versatile derivative appears to be the fully 
reacted 0-methyloxime-trimethylsilyl (MGTMS) 
ether, prepared as described by Thenot and Horn- 
ing[7]. 

By appropriate combinations of solumn systems 
based on Lipidex and other Sephadex derivatives and 
by selecting a suitable steroid derivative, it is possible 
to design methods for purification of groups of ster- 
oids in extracts of tissues or body fluids. For example, 
a sample suitable for CC-MS analysis and containing 
neutral steroids with polarities between those of preg- 
nanedione and pregnanepentol may be prepared from 
plasma in the following way [6] : 1. Extraction of 
diluted plasma by Amberlite XAD-2 at 64°C. 2. 
Filtration through DEAP-Sephadex in methanol- 
water-chloroform, 9: 1:2 by vol., to remove acidic 
material (e.g. conjugated steroids). 3. Filtration 
through Lipidex-5000 in the same solvent to remove 
nonpolar lipids. 4. Formation of fully protected MO- 
TMS derivatives. 5. Filtration of reaction mixture 
through Lipidex-5000 in hexane-pyridinehexamethyl- 
disilazane, 98: 1: 1 by vol., to remove nonvolatile 
reagents and polar contaminants. This procedure can 
be completed in about one day. A very clean sample 
is obtained and an amount corresponding to 5 ml of 
plasma can be injected into packed columns without 
overloading or damage to the column. The low 
weight of the extract and the absence of nonvolatile 
reagents also permits the use of solid injection sys- 
tems for glass capillary columns. 

Prior to GC-MS analysis, steroid mixtures may be 
subfractionated according to number of hydroxyl and 
0x0 groups by chromatography on Sephadex LH-20 
[3, lo] or Lipidex [4, 111. 

GC-MS ANALYSIS 

The use of a mass spectrometer as detector in gas 

chromatography involves monitoring of the variation 

with time of currents of fragment ions of specified 
mass. This can be done in different ways: 1. Repetitive 
scanning of the entire mass range. This permits con- 
struction of as many fragment ion current (FIC) chro- 
matograms (mass chromatograms [ 121) as the 
number of m/e values covered by the scan [ 12, 131. 
2. Repetitive magnetic or accelerating voltage scan- 
ning over a limited mass range. The number of data 
points per mass spectrometric peak is increased and 
digital filtration can be used to increase signal-noise 
ratio. The sensitivity of this method in steroid analysis 
is 10&300 times higher than that obtained by scan- 
ning entire mass spectra [13, 141. 3. Repetitive acce- 
lerating voltage switching between a few selected m/r 
values (multiple ion detection) and recording of “mass 
fragmentograms” of these ions [15, 161. This method 
permits the use of long time constants, and high sensi- 
tivity is obtained. 

The method of single [ 171 or multiple ion detection 
has been applied to the analysis of a number of ster- 
oids [ l&27]. Multiple ion detection offers high sensi- 
tivity, especially when combined with the use of a 
deuterium labelled internal standard [20,28,29]. 
However, the method is limited to analysis of one 
or a few steroids at a time and it is not suitable for 
analysis of unknown steroid mixtures since the m/e 
values to be monitored must be selected prior to the 
start of the analysis. 

Repetitive scanning methods have been less fre- 
quently used in steroid analysis. This is probably 
because of the need for computers for acquisition and 
evaluation of the massive amount of data produced. 
However, these methods are more versatile than mul- 
tiple ion detection. In the system used in this labora- 
tory the spectra are recorded on magnetic tape. Thus, 
the tape will contain FIC chromatograms of all m/e 
values covered by the scan. When complex mixtures 
are analyzed, all components may be revealed by 
repeated processing of the tape and selection of m/e 
values characteristic of specific steroid structures 
[13,31]. The sensitivity obtained by repetitive scan- 
ning of a limited mass range (e.g. 320 mass units) 
is comparable to that reported for single and multiple 
ion detection [ 13, 2&28,30]. The scan methods offer 
better possibilities for analysis of complex patterns 
of labelling with stable isotopes [32]. 

COMPUTER EVALUATION OF CC-MS 
ANALYSES 

The data are recorded on a magnetic tape which 

is processed on an IBM 1800 computer with 24-K 
core storage, two 500-K disk storages, two 9-track 
magnetic tape units, a card read punch, a line printer, 
a plotter and a CRT display. Computer programs 
have been developed for evaluation of GC-MS data 
obtained by repetitive scanning of a complete or 
limited mass range, for determination of stable iso- 
topes, and for kinetic analysis of metabolic exper- 
iments employing stable isotopes. Details on these 
programs are given in Refs. [13,31,32]. 

The process of evaluation of a GC-MS analysis 
may be divided into three parts: 1. location of com- 
pounds eluted singly or in mixtures, and determina- 
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tion of the retention times, 2. interpretation of mass 
spectra taken at located peak maxima of individual 
compounds, and 3. quantitative determination of 
identified steroids. 

Peak locating program, PLOCP 

This is based on a search for peaks in individual 
FIC chromatograms of all m/e values covered by the 
scan (usually 50@700 chromatograms). When criteria 
for the detection of a compound are fulfilled, informa- 
tion is printed about retention time and about mass 
and intensity of major ions given by the compound. 
The use of FIC chromatograms instead of the total 
ion current (TIC) chromatogram to monitor the 
appearance of compounds in the mass spectrometer 
makes it possible to detect the elution of overlapping 
compound zones and makes the search more sensi- 
tive. The procedure requires about 1.5 s per spectrum, 
i.e. about 3 min for a routine GC-MS analysis. 

Interpretation of mass spectra 

This is partly computerized partly manual. When 
the peak of a compound has been located, a subpro- 
gram of PLOCP, TMSID, is used in a search for 
potential molecular ions of steroids in the spectrum 
taken at the apex of the peak. Structural limits for 
the search are given by the investigator (e.g. limit the 
search to C,g and C2 1 steroids containing 2-5 oxygen 
substituents) and empirical fragmentation rules are 
applied to define potential molecular ions. The mass 
of a potential molecular ion is translated to a struc- 
ture within the limits given. When the search is com- 
pleted, it may be automatically repeated with the 
peak-front,and peak-tail difference spectra. This is of 
particular value in the interpretation of spectra due 
to mixtures of steroids. 

As an aid in further manual interpretation of a 
spectrum, a program, FRANC, is used which searches 
for previous spectra (e.g. in library files) showing a 
given set of fragment ions or fragment losses or a 
combination of these [31]. If the specified set of ions 
is found in a spectrum, the name of the compound 
giving this spectrum is printed (or identification 
number of the spectrum if the compound is un- 
known). This is an aid in relating fragments to steroid 
structure and corresponds to the use of key ions and 
key fragments as described by Spiteller’s group [33]. 
Programs which compare unknown with known spec- 
tra are often less useful, since the spectra obtained 
in GC-MS analyses of steroid profiles in biological 
materials are frequently due to mixtures of com- 
pounds. 

The peak locating program is intended to give a 
reasonably complete detection of steroids in GC-MS 
analyses of biological materials. The search for poten- 
tial molecular ions of naturally occurring steroids, 
which is part of this program, is mainly intended as 
an aid in the manual interpretation of complex spectra. 
In addition, selected ions which are characteristic of 
special steroids or steroid structures may be searched 
for [31]. Such a method has also been described by 
Baty and Wade[34] and this is a useful procedure 
in routine analyses. The located specified compound 

may then be quantified from peak areas in specific 
FIC chromatograms [32]. To simplify this type of 
directed analysis, a program, MINIG, is used which 
constructs and plots FIC chromatograms of the 
selected m/e values. Twenty overlapping FIC chroma- 
tograms can be plotted together and amplification or 
reduction factors may be used. In a separate part of 
this program FENCE, peaks in the chromatograms 
are located [3.5]. Examples of FIC chromatograms 
obtained in analyses of corticosteroids in urine, 
C,,02 steroids in plasma from pregnant women and 
neutral steroids in bovine corpus luteum are shown 
in Figs. 2-4. 

Quantitative determination of steroids 

The methods for quantitative determination are 
based on peak areas in specific FIC chromatograms. 
Two programs have been written which differ mainly 
by the degree of automation of the analysis. 

For program AREAS, a known amount of refer- 
ence compound(s) and the unknown samples are in- 
jected as solutions containing a constant con- 
centration of an internal standard. The internal stan- 
dard is used to correct for differences in volumes of 
reference and sample solutions injected, and makes 
possible a direct comparison between peak areas 
given by reference compound and compounds in the 
sample. The investigator inspects FIC chromatograms 
of appropriate m/e values and selects tape sectors con- 
taining peaks and background. The computer calcu- 
lates a peak area corrected for background contribu- 
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Fig. 2. FIC chromatograms constructed by the computer 
in a GC-MS analysis of steroids in urine from a healthy 
man. The upper curve is the partial ion current (PIC) chro- 
matogram (total intensity of ions between m/e 200 and 
800), the other curves are FIC chromatograms of m/e 
values characteristic of MO-TMS derivatives of different 
corticosteroid metabolites. The column was a 20m x 
03mm glass capiliary coated with OV-1 [36] (from ref. 

32 with permission). 
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Fig. 3. FIC ~hromatograms specific for MO-TMS derivatives of steroids in bovine corpus luteum. 
For purposes of illustration the intensities of the ion currents were multiplied by tbe faetors shown 
to the right of the in/e values. The sample was from a corpus luteum taken at the 17th day of the 

oestrous cycle (from ref. 37 with permission). 

tion, and area is manually converted to weight. When 
tested in the quantitative analysis of a synthetic mix- 
ture of steroids occurring in bovine corpus luteum 
the precision of this method was 43.- 107; (SD.) in 
12 experiments. An example of FIG chromatograms 
used for quantitative analysis of steroids in a sample 
from bovine corpus luteum is shown in Fig. 3 [37]. 

With the equipment used in this laboratory the 
~chniquc permits a quantitative analysis of 5-500 ng 
amounts of steroid using packed columns and repeti- 
tive scanning of the entire mass range. Figure 4 shows 
an example of an analysis of unconjugated neutral 
steroids in plasma from a woman in the 29th week 
of pregnancy. With the exception of progesterone 
(10,4m~n, 60 ngjml) several of the steroids detected 
are present in a concentration range near the lower 
limit for determination by repetitive scanning of com- 
plete spectra (3%~hydroxy-_5<-pregnan-20-one. 7.5 min. 
15 ng/ml ; 20a-hydroxy-4-pregnen-3-one, I I .7 min, 
4.7 ng/ml; 5r-pregnane-X20-dione. 9.5 min, 3.8 ng/ml; 
and 3~-hydroxy-5~-prcgnan-2~-onc, 9 min. 1.X ngjml). 
However. the impor~nt difference between this and 
other methods is that the steroids can be detected 
even if the analysis did not primarily aim at their 
determination. This may be of decisive value when 
samples from patients with unknown defects in ster- 
oid metabolism are analyzed. 

When higher sensitivity is needed repetitive accel- 
erating voltage scanning of a narrow mass range 
must be used. In this case the minimum detectable 
level depends mainly on the degree of loss of steroid 
in the gas chromatographic column and in the inter- 
face to the ion source. and on the intensity of the 
column and sample background bleed. In the ideal 
case the sensitivity is IO@ 300 times higher than when 
entire spectra are scanned. This method is also useful 
when deuterated internal standards are employed and 
when deuterium analyses have to be made on small 
amounts of sample or when the ions of interest have 
a low relative intensity [32]. 

The other program for quantitative analysis. 
QUANT, does not require inspection of FIC chroma- 

tograms. It operates with internal or external stan- 
dards. The jnformation required by the program is: 
1. number of the GC-MS analysis of external stan- 
dard (the GC-MS analyses on the tape are given con- 
secutive numbers and are separated by a file gap); 
2. amount of external standard; 3. numbers of the 
GC-MS analyses of samples; 4. names of the com- 
pounds to be determined and relative retention time 
ranges within which each compoulid is expected to 
appear; 5. ten (or less) ?rr/r values typical for each 
compound to be determined. The computer finds the 
peaks in individual FIG chromatograms, notes reten- 
tion times and calculates peak area. A baseline is con- 
structed (horizontal or linear slope) and background 
is subtracted. The peak area in individual FIC chro- 
matograms is converted to the equivalent total ion 
current peak area. This can be done from knowledge 
of the percentage contribution of the specific fragment 
ion to the total ionisation of the compound. The rea- 
son for the conversion is that it permits comparisons 
to be made between weight and total ionisation for 
any compound. and “response factors” between com- 
pounds can be established. Finally, peak area is con- 
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Fig. 4. FIC chromatograms constructed by the computer 
in an analysis of steroids in plasma from a woman in the 
29th week of prgnancy. m/r Values chara~ter~stlc of struc- 
tures in progesterone and some of its potential precursors 
and metabolites were selected (from ref. 6 with permission). 
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verted to weight. In analyses of bile acid derivatives 
using 7-9 different m/e values the precision of deter- 
minations from a single FIC chromatogram was + > 

9% ~321. 

Determination of stable isotopes 

An important application of stable isotopes in con- 
junction with GC-MS analysis is the use of internal 
standards labelled with stable isotope atoms for quan- 
titative analysis of steroids in the subnanogram range 
(see above). The labelled standard serves two pur- 
poses: 1. since it can be added at the beginning of 
the analysis it suffers the same losses in the isolation 
procedure as the identical (with the exception of the 
stable isotope atoms) endogenous steroid, and 2. since 
losses of steroids on the g.1.c. column and in the inter- 
face to the ion source are usually nonlinear and inver- 
sely related to the amount of steroid analyzed, addi- 
tion of a large amount of labelled reference steroid 
decreases the losses of endogenous steroid in the GC- 
MS system and increases the sensitivity of the analy- 
sis. When stable isotopes are used in this way for 
purely analytical purposes it is obvious that the ster- 
oid to be analyzed has to be known and must be 
selected prior to the start of the analysis. 

When GC-MS analyses can be evaluated by com- 
puter methods, it may often be more practical to use 
stable rather than radioactive isotopes in metabolic 
studies. Tedious determinations of specific radioacti- 
vity are avoided since heavy isotope excess is directly 
measured. The position of a heavy atom may some- 
times be directly determined from the isotope content 
of appropriate fragment ions. Molecules differing by 

the number of heavy atoms incorporated can readily 
be distinguished which is very difficult and requires 
chemical degradation if radioactive isotopes are used. 
Furthermore, there are several situations where 
radioactive isotopes cannot be employed, e.g. for 
studies in infants and pregnant women [38]. 

To avoid errors due to isotope separation effects, 
to increase accuracy and sensitivity and to permit 
analysis of many fragment ions with differing 
numbers of heavy atoms it is necessary to use repeti- 
tive scanning. A program, ISOTN. has been written 
which calculates isotopic composition by comparing 
the averaged mass spectrum (or partial mass spec- 
trum) obtained by repetitive scanning over the peak 
of the labelled compound with the averaged spectrum 
of the unlabelled compound. Usually a sample taken 
before the injection of labelled steroid can provide 
this unlabelled reference compound. ISOTN has been 
extensively used in studies of the metabolic relation- 
ships between oxidation of [l,l-‘H,]- and [2,2,2- 
‘H&ethanol and biosynthesis and reduction of ster- 
oids and glycerolipids in the intact rat [39.40]. It 
permits calculation of the abundance of a maximum 
of 19 2H or 13C atoms per molecule (or fragment 
ion). When the compounds consist of molecules with 
O-15 heavy atoms and repetitive scanning of entire 
mass spectra is use& sample sizes of 0.1-l pg are 
required for measurements on major fragment ions. 
A lOO-fold increase of sensitivity is obtained by repeti- 
tive accelerating voltage scanning over a limited mass 
range [32]. The presence of contaminating com- 
pounds and column bleed is an important factor in 
determining sensitivity and accuracy of the deter- 
minations. 

2,3-dihydroxy-See-pregnan-20- 
ones. The 2tl,3~( (spectra 94-106) and 2n.38 (spectra 147-164) isomers were isolated from the glucuronide 
fraction of bile from male rats given 3/I-hydroxy-SaC3cc.l I,1 I-‘H,Jpregnan-20-one sulphate. The m/e 
values represent molecules containing zero, one, two and three ‘H atoms. No corrections for natural 
abundance of j3C, ‘H or “0 have been made. Solid arrows indicate probable major metabolic 

pathway (from Baillie, Eriksson, Herz and Sjiivall, to be published). 
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1073-1082. 
Stillwell W. G., Hung A. Stafford M. and Horning M. 
G.: Analyt Lett. 6 (1973) 407-419. 
Dehennin L., Reiffsteck A. and Schoiler R.: J. steroid 
Biochem. 5 (1974) 8 I-86. 
Prost M. and Maume B. F.: J. steroid B&hem. 5 
(1974) 133-144. 
Samuelsson B., Hamberg M. and Sweeley C. C.: Anaiyt 
Biochem. 38 119701 301-303. 
Middleditch b. S. >nd Desiderio D. M.: Analyt Chem. 
45 (1973) 806-808. 
Reimendal R. and SjGvaii J.: Atwlyt Chem. 45 (1973) 
1083-1089. 
Axelson M., Cronholm T., Curstedt T., Reimendai R. 
and SjGvall J.: Chromutographia 7 (1974) 502-509. 
Unruh G. v., Spiteiler-Friedmann M. and Spitelier G.: 
Tetrahedron 26 (1970) 3039-3044. 
Baty J. D. and Wade A. P.: Analyt Biochem. 57 (1974) 
27-37. 
Reimendai R. and Sjiivali J.: In Orgunj~tjon des Labor- 
atoires-Biologic Prospective (Edited by G. Siest). 
Expansion Scientifique Franc&e, Paris (1973) pp. 62s 
636. 
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Axelson M. and SjGvall J.: J. Chromatog. Sci. (1974) 
12 (1974) 535-540. 
Pinkus J. L., Charles D. and Chattoraj S. C.: J. biol. 
Chem. 246 (1971) 633-636. 
Cronholm k., Bbrlingame A. L and Sjiivall .I.: Eur. 
J. Biochem. 49 (1974) 497-510. 
Curstedt T. and Sjiivall J.: B&him. biophys. Acta 
(1974) 360 (1974) 24-37. 
Braselton W. E., Orr J. C. and Engel L. L.: Anofyt. Bio- 
them. 53 (1973) 64-85. 
Baillie T. A., Eriksson H., Herz J. .E. and Sjiivall j.: 
In Proceedings of the 2nd International Symposium on 
Mass Spectrometry in Biochemistry and Medicine, 
Milan 24-26 June 1974 (Edited by A. Frigerio and 
N. Castagnoii). Spectrum Publications, New York 
(1975) in press. 

A related method is being used in this laboratory 
for studies of the turnover and metabolism of endo- 
genous steroids. The steroid to be investigated is 
labeiled with two deuterium atoms at a position 
remote from sites of expected biological attack. These 
atoms serve as markers for the steroid skeleton and 
make it possible to detect metabolites by mass spec- 
trometry, and to determine turnover time of the ster- 
oid skeleton. When, in addition a further deuterium 
atom is introduced at each centre bearing a hydroxyl 
group a means is provided whereby the extent of oxi- 
doreduction at these sites may be simultaneously 
determined. When testing this method in a study of 
the metabolism of 3~-hy~oxy-5~-~regnan-2~ne sul- 
phate in male rats, the probable metabolic sequence 
outlined in Fig. 5 could be suggested [42]. Investiga- 
tions of turnover and metabolism of steroid sulphates 
in pregnant women using this technique are presently 
being carried out. 
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