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SI’MMARY 

The potentialities of a new mass fragmentographic method for the quantitative determination of 11 
estrogens have been explored. These estrogens (estriol, estrone, 2-methoxyestrone, estradiol-178, estradiol- 
17c(, 16-epiestriol, 17-epiestriol, 16a-hydroxyestrone. 16/?-hydroxyestrone, 16-oxoestradiol-17fi and 15~ 
hydroxyestrone) were quantitatively determined in bile from male and female (post-menopausal) subjects 
and in the urine ofa non-pregnant women. It was also possible to measure these estrogens in the unconju- 
gated and conjugated fractions of a 20-ml pool of pregnancy plasma. It was observed that mass fragmen- 
tographic determination of estrogens is superior to conventional gas chromatographic techniques. espe- 
cially with regard to sensitivity and specificity. 

INTRODUCTION 

The use of a mass spectrometer as a highiy sensitive 
detector in gas c~o~to~aphy (CC.) was first demon- 
strated by Henneberg[l] and single or multiple ion 
monitoring, known as mass fragmentography (MF) 
[Z], is becoming increasingly important as a technique 
of quantitative analysis in biochemical medicinet3, 4, 

51. 
The aim of the present study was to explore the use- 

fulness of MF in the analysis of a number of estrogen 
metabolites in pregnant and nonpregnant subjects. 
MF was applied to the analysis of some selected sam- 
ples of various body fluids containing concentrations 
of estrogens which are difficult to measure by conven- 
tiona1G.C. techniques.Thefractionationpro~dure pre- 

* The following trivial names and abbreviations were 
used in this text: Estrogens: estriol (E3) = 1,3,5(10)-estra- 
triene-3,16x,17/?-triol; estrone (E,) = 3-hydroxy-1,3.5(10)- 
estratrien-17-one; 2-methoxy-estrone (2MeEt) = 2-meth- 
oxy,3-hydroxy-1,3,5(10)-estratrien-17-one; estradiol-17p 
(E,-17P) = 1,3,5(10)-estratriene-3,17/&diol; estradioL17a 
(E,-17x) = 1.3,5(10)-estratriene-3,17tx-diol; 16-epiestriol 
(16epiE,) = 1,3.5( IO)-estratriene-3.168.1 ‘I/&triol; i7-epies- 
trio1 (I’le~iE~) = 1.3.5(10)-estratriene-3.16a.l7x-triol: 16x- 
hydroxyestrone (16abgE,) = 3,16a-dihydroxy-1,3,5(10)- 
estratrien-17-one; 16/3-hydroxyestrone (16flOHE,) = 3.168- 
dihydroxy-1,3,5( lO)-estratrien-17”one; 16-oxoestradiol- 178 
(16oxoE,) = 3,~7~-dihydroxy-l,3,S(lO)-estratrien-l6-one; 
15~-hydroxyestrone (1SaOHEr) = 3,15a-dihydroxy- 
1,3,~iO)~stratrien-17-one; 1 I-dehydr~stradiol-17a = 
1,3,5(10) 1 l-estratetraene-3,17a-diol. Abbreviations: MF = 
mass fsagmentography ; g.c. = gas chromatography; MS = 
mass spectrometry; TMSi = trimethylsilyl ether. 

viousiy developed for estrogen determinationsC6, 73 
was followed but the mass spectrometer was used in 
place of the hydrogen flame ion~ation detector thus 
allowing MF quantitation of eleven estrogens in 
plasma, bile and urine. In addition, preliminary exper- 
iments suggested that considerable shortening of the 
purification procedure is possible without decreasing 
the reliability of the mass fragmentographic method. 

Material 
EXPERIMENTAL 

Estrogens were determined in 50 ml urine samples 
from a woman on the 14th, 17th and 20th day of the 
menstrual cycle, in IO@150 ml samples of bile from a 
53-year-old man and three postmenopausal women as 
well as in a 2Oml pool of late pregnancy plasma 
obtained from 10 women. 

Methods 
Estrogen fractionation. The estrogens were frac- 

tionated according to the method of Adlercreutz and 
Luukkainen[(i, 73 with the following modifications: (a) 
No sodium chloride was added at any stage of the pro- 
cedure; (b) The acid alumina (Merck AG, Darmstadt, 
Germany) used for chromatography was pre-washed 
with ethyl acetate (Merck) and reactivated@]; (c) Ace- 
tonides were formed according to the method of 
McCloskey and McClelland[B]. A detailed description 
of the method will be published in a forthcoming meth- 
odological monograph[lO]. With this method the fol- 
lowing five estrogen fractions are obtained: I: estriof 
fraction (estrioi)*, II: nonpolar ketonic fraction 
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(estrone and 2-m~thoxyestrone), III: estradiol fraction 
festradiol-I 7% and estradiol-17/i as methyl ethers). IV: 
epiestriol fraction ( 16epiestriol and l7-epiestriol as 

acetonides), V : polar ketonic fraction (1 fjsc-hydroxy- 
estronc. I h/r’-hydroxyrstronr. 1 &osoestradiol- I7p and 
1 Sz-hydroxycstrone). The reliability of the fractiona- 
tion method has already been extensively investi- 
gatcdrh. 7. IO]. 

In 501131: cxpcrimcnts with pregnancy urine samples 
a shortened version of the fractionation procedure was 

used. in the shortened procedure the following steps 
were omitted: several solvent partitions, all chromato- 
graphies on alumina and paper, as well as methylation 
of the estradiofs. Estriol and both estradiols were in- 

cluded in the same fraction (I + III). The shortened 
procedure is presented in Flow diagram I. 

hfuss ,f~~cll/llr,trf~~r.Llp/l?.. The samples for MF deter- 

mination were prepared as follows: Each fraction 
obtained from the fractionation procedure was evapor- 
ated to dryness in a stream of nitrogen. The dry residue 
was then silylated in pyridine (Merck) with hexa- 

methyl -disilazmr (Fluka AG. Buchs, Switzerland) and 
trimethylchlorosilane (Fluka). the ratio of the three 
solvents being 100: 10: 1, at room temp overnight. The 
reagents were evaporateed and the silylated steroid 
fraction extracted with n-hexane (Merck). A known 

amount of standard steroid (see below) was silyated 
simultaneously with hexamethyl-d, ,-disilazane 
(Merck Sharp & Dohme of Canada Ltd., Montreal, 
Canada) and trimethyl-d,-chlorosilane (Merck Sharp 
& Dohme). The n-hexane extracts of the silylated deu- 
tcrostandards which serve as internal standards during 
MF were then combined with the n-hexane extracts of 
the corresponding samples in graduated microtubes. 

For MF. a Varian MAT CH7 G.C.--MS instrument 
equipped with peak matching system was used. Two 
ions were monitored simul~neously and their in- 
tensities recorded on a two-pen recorder: in most in- 
stances one was the molecular ion of the steroid deri- 

vativc being measured and the other was that of the 

corresponding deuterated internal standard derivative. 
The deuterated internal standards as well as the ions 
that were monitored are listed, together with other 
conditions for MF. in Table 1. The molecular ions 
were monitored except in the case of the nonpolar 
ketonic fraction where the M-30 fragment (m/e 342) of 

the TMSi derivative of 2 methoxyestrone was chosen 
in order to allow simultaneous measurement of the 
TM% derivative of estrone (molecular ion. RZ/CJ 342). 

Since non-derivatized deuterated steroids were not 
available the results were corrected for losses incurred 
during fractionation by carrying out a parallel dupli- 
cate recovery experiment with known amounts of all 
ostrogcns (titth the csception of two: If+hydroxyest- 

rone and estradioi-17~) added to the plasma, bile or 
urine samples. The recovery of 16~-hydroxyestrone was 

used for correcting the lbfi-hydroxyestrone v&e. and 
that of estradiol-17/? was used for correcting the 
estradiol-l7r value. 

For calibration purposes five silylated estrogen stan- 
dard mixtures corresponding to the five fractions were 
prepared and the deuterated internal standard deriva- 
tive of one estrogen (see line I, Table 1) added. These 

standard mixtures were repeatedly injected between 
the unknown samples (minimum four times). The 

amounts were chosen so that the concentration of the 
standard estrogens was similar to that of the unknown 
samples. It was not necessary to use estradiol- 172 or 

l4~-hydroxyestron~ standards because the frag- 
mentation pattern of their epimers is exactly the same 
with the electron energy used for ionization in MF. 

The MF determinations after the shortened pro- 
cedure were carried out in the same way as after the 
original fractionation procedure (see Flow diagram I). 
The conditions used are described in Table I. 

The results were calculated according to the for- 
mula: 

where 

K = -__---- 
,, 

II 

Symbols: 
X = pg/l, of estrogen in biological fluid (= un- 

known) 
dlS = pg (prior to derivatization) of deuterated deri- 

vative of internal standard added to the 
sample before MF (see Table 1) 

AX = peak area of ~lnknown 

if d1.T = peak area of deuterated derivative of internal 
standard 

s = j&g of calibrating standard 
ClS = ilg (prior to derivatization) of deuterated deri- 

vative of internal standard used for calibration 
(see Table I ) 

A,s = peak area of calibrating standard 
A dS = peak area of deuterated derivative of internal 

standard used for calibration 

;: 
= calculated percentage recovery 
= volume (ml) of original sample of biological 

fluid 
n = number of injections of caIibrating standard 

mixtures ( $ 4). 
When urine samples were analyzed the values were 
converted from /[g/l to /(g/24 h urine vol. 
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E3 El 16UOHEl 2MeE, E2-i7a 17eph53 lSQOHEI 

16OXOE~ E2-178 16eplE3 KBOHE, 

Fig. 1. Concentration of estrogens in a pool of pregnancy plasma: in the conjugated fraction (hatched 
area) and unconjugated fraction (blank area). For explanation of abbreviations. see Methods: Footnote 

to r*\1,‘oqor flwfiorlrrtiotL 

Twelve estrogens can he determined using the ori- 

ginal G.C. method. The twelfth estrogen. 1 I-dehydroes- 

tradiol-17%. could not be included in the present study 
due to the lack of a synthetic reference standard. Since 
its fragmentation pattern differs from that of both 
estradiols[ 1 I] the latter cannol’be used for calibration 
as in the G.C. method. 

The results of the estrogen determinations in the 
pooled sample of pregnancy plasma are shown in Fig. 
1. Comparison of the unconjugated and conjugated 
fraction shows that estradioLl7fi is the only estrogen 
present in plasma predominantly in the unconjugated 
form. Other estrogens present in high concentrations 
in the un~onjugated fraction in addition to estradiol- 

The results of the estrogen determinations in the bile 
of three post-menopausal women are presented in 
Table 2 and those obtained in a sample of male bile are 
shown in Fig. 2. Although the estrogen levels in female 
bile are higher than in male bile the patterns are rather 
similar. In these few samples the quantitatively most 
important metabolite is 16~hydroxyestrone (55’; of 
total biliary estrogens estimated in females and 45”6 in 
the male). 

The results of estrogen determinations in urine on 3 
days during a normal menstrual cycle are presented in 
Table 3. Characteristic mass fragmentograms of the 
polar ketonic fractions obtained from bile and urine 
are shown in Fig. 3. 

Table 2. Results of mSS fragmentographic determination of biliary estrogens in 
three postmenopausal women (pg/l.) 

Subject no. I 2 3 Mean 

Estriol 1.79 
Estrone 0.39 
2-methoxyestrone 0.04 
Estradiol- 178 0. I 8 
Estradiol- 17~ 0.02 
I &epiestriol 0.53 
i 7-epiestriol 0.07 
14~-hydroxyestrone x.27 
16~-hydroxyestrone I .58 
16-oxoestradiol-178 1.24 
15~hydroxyestrone o-45 

I.63 I.86 1.76 
0.60 I.53 0.84 
0.27 0.87 0.39 
0.1 1 087 0.39 
0.02 @07 0.04 
0.50 I.12 0.75 
0.04 0.06 0.06 
3‘14 163 9.24 
051 3.34 I-XI 
0.95 1.43 1.31 
0.28 0.97 0.57 
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119.11 

1.10 0.90 0.31 

(2.11 IO.31 (3.91 10.5) (7.7) 10.51 110.0) 18.21 (2.81 

0 m 

E3 ZMcE, E2-17a lYepiE 16&3HE, lSaOyE, 

El E2-17D 16cpiE3 16 UOHE, 16oxoE2 

Fig. 2. Concentration of estrogens in the bile of a 53-year-old man. Numbers in brackets indicate 
percentage of total biliary estrogens. For explanation of abbreviations. see Methods: Footnote to 

c,.stl,ogc~rtf~attiorluliorl. 

Studies employing the shortened estrogen jixctionation 

procedure 

The shortened estrogen fractionation procedure is 
outlined below : 
Flow d~~~a~n 1. 

Gel filtration 

I 
Enzymatic hydrolysis and 

ether extraction 

I 
Girard separation 

I 
I 

I 
Solvent partition of Nonketonic fraction: 

ketonic fraction acetonide formation 

jj Chlo j 
extract I I I I 

fraction V fraction II fraction IV fraction 
I + III 

When the shortened procedure was applied to the 
analysis of pregnancy urine samples the mass fragmen- 
tograms obtained indicated that the estrogens in frac- 
tion II and fraction I + III could be quantitated with- 
out difficulty. A mass fragmentogram of fraction I + 
III is shown in Fig. 4. Since estradiol-17J3 occurs in 

relatively small amounts its signal must be amplified 
more than that of estriol. Attempts to determine estra- 
diol-17x were not made. In the experiment shown in 
Fig. 4 no internal standard was used; rn/.~ 416 (molecu- 
lar ion for estradiol-17/l TMSi derivative) and m/e 386 
(M-118 for estriol TMSi derivative) were monitored 
separately. A mass fragmentogram of the polar ketonic 

fraction V is shown in Fig. 5. 16a-hydroxyestrone, 16- 
oxoestradiol-I 18 and 1%hydroxyestrone can be 
readily quantitated. But in Fig. 5 an additional peak is 
seen between the I&-hydroxyestrone and I6fi-hydroxy- 
estrone peaks which makes the quantitation of 16J?- 

BILE URINE 

16dJHE, 

II 6 “g 

26POHE, 
52ong 

~~ 

smE* 
70 ng 

15sotlq 

lj@ OS 

L 

Fig. 3. Mass fragmentograms of the polar ketonic estrogen 
fractions obtained from bile (left) and urine (right). Abbre- 
viations, upper traces: 16aOHEr = TMSi (tr~methylsilyl 
ether) derivative of lo-h~~oxyes~one; 16#OHE, = TMSi 
derivative of 16~-hydroxyestrone; 160xoEz = TMSi deriva- 
tive of 16-oxoestradioi-178; 15aOHEr = TMSi derivative 
of 15a-hydroxyestrone; lower traces: IS. = deuterated 
TMSi derivative of 16x-hydroxyestrone internal standard. 
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Table 3. Results of mass fr~~gmentographic d~ternlill~lti~~n of urinary estrogens in 
a normal wonxm (pg of estrogen:24 h) 

Day of menstrual cycle 14 17 20 Mean 

Estriol 4.12 4.07 3.45 3.88 
Estrone 8.69 3.44 5.34 5.82 
2-methoxyestrone 2.92 1.x7 I.99 2.36 
Estradiol- 178 3.40 I.26 I ,80 2. I 5 
Estradioi-17r @09 0.07 007 0.08 
16-epiestrio) I .03 @99 I ,42 I.15 
17-epiestriol 0.2 1 0.21 034 0.25 
16whydroxyestrone 2.32 3.25 095 2.17 
16~-hydroxyestrone 2.74 t 4s 043 I.54 
1 &oxoestradiol- 178 1.55 1.96 l-1 i 1.54 
15whydroxyestrone 0,20 0.29 @29 0.26 

hydroxyestrone unsatisfactory. This peak was also 
seen occasionally in samples processed through the 
original fractionation procedure, which suggests that 
its presence was not related to the shortening of the 
procedure. The quantitation of I 6-epiestriol in fraction 

IV was not possible due to interfering peaks. Thus the 
shortened fractionation procedure seems to allow the 
quantitation of at least eight estrogens without any 
modifications. Slight modifications are needed to allow 
16-epiestrol and possibly I hg-hydroxyestrone and 
estradiol- 17% measurement. 

Ez-;‘ID 

:- 

E3 
m/t (16 

Fig. 4. Mass fragmentogram of the combined estriol-estra- 
dial fraction from pregnancy urine obtained by the shor- 
tened fractionation procedure. Abbreviations: Et-17p = 
TMSi derivative of estradiol-17/J; Es = TMSi derivative of 
estriol. The ion m/e 416 is the molecular ion of the TMSi 
derivative of E,-t7fl and the (M-90) + 2 ion of the TMSi 

derivative of EA. 

DISCLSSfON 

In the present study the potentialities of MF were in- 
vestigated by applying a MF method to the quantita- 
tive analysis of estrogens in some selected samples of 
biological fluid where conventional G.C. methods prove 
unsatisfactory. 

The results obtained for the pregnancy plasma 
sample (Fig. I) agree for the most part with those 
obtaincdpreviouslyusing theoriginalG.C.method(l I). 

16aOHE 

4 

lSaOHE, 

+ 

Fig. 5. Mass fragmentog~m of the polar ketonic estrogen 
fraction from pregnancy urine obtained by the shortened 
fractionation procedure. Abbreviations: see legend to Fig. 3. 
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except that four new estrogen metabolites (estradiol- 
1%x, 16-~-hydroxyestrone, 17-epiestriol and 1 5a-hyd- 
roxyestrone) could now be determined in the unconju- 
gated fraction and one (17-epiestriol) in the conjugated 
fraction. Nonclassical estrogens have been determined 
in bile in pregnancy[12] and after administration of 
milligram amounts of precursor[6] but otherwise their 
quantitation in bile in the nonpregnant human has not 
been possible. This has now been accomplished by MF 
in bile from both a male (Fig. 2) and postmenopausal 
female subjects (Table 2). Except for 16-epiestriol[ 131, 
the separate quantitative determination of the nonclas- 
sical estrogens in urine during the normal menstrual 
cycle has not been reported. The present results show 
(Table 3) that all 11 estrogens could be quantitated 
using the MF method. It is evident from the foregoing 
that a 100 times greater sensitivity is easily achieved by 
the MF method when compared to conventional g.c. 
techniques. Moreover, the sensitivity can be readily 
enhanced by optimizing conditions[ 141, including 
choice of optimal ionization energy, columns (with 
minimal bleeding), and ions to be monitored. A low 
temperature in the ion source can further increase the 
sensitivity[ 151. 

The specificity of the original fractionation pro- 
cedure has been extensively studied with regard to 
various biological fluids ([6,7, lo]. for additional refer- 
ences see[lZ]), and the g.c. peaks were shown by con- 
ventional G.C.-MS to be free from significant interfer- 
ing substances. In a recent study (Aldercreutz and 
Hunneman. to be published) the five estrogen fractions 
in a pregnancy urine sample were investigated by auto- 
matic repetitive MS scanning of the G.C. effluents with 
a Varian CH7 mass spectrometer combined with the 
data system Spectrosystem 100 MS. The preliminary 
evaluation of several hundred computer-plotted mass 
fragmentograms revealed (in addition to some new 
estrogens) only insignifi~nt amounts of steroids inter- 
fering with the G.C. peaks. But a nonsteroidal impurity 
was found in the G.C. peak of 1Qepiestriol. Since this 
impurity does not interfere with MF the latter proves 
more specific in this case. The specificity of the MF 
methodascompared to G.C. is considerably better since 
a characteristic ion is monitored instead of the total 
ion current measured by flame ionization detection 
and the maximum response should occur exactly at the 
retention time of the G.C. peak. Moreover, preliminary 
experiments in the present study seemed to indicate 

that the coupled separation power of the gas chroma- 
tograph and the mass spectrometer allows reliable 
measurements even in the presence of larger amounts 
of impurities; the results suggested that at least eight 
out of 11 estrogens can be assayed without difficulty 
after the very much shortened fractionation procedure. 

In summary, MF will be an important tool in quan- 
titative estrogen studies in the future. Its advantages lie 
not only in the extremely increased sensitivity but also 
in the increased speed of measurement obtained from 
more limited sample purification. 
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