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a b s t r a c t

Automated rapid HPLC tandem mass spectrometry has become the method of choice for clinical steroid
analysis. It is replacing immunoassay techniques in most instances because it has high sensitivity, better
reproducibility, greater specificity and can be used to analyze multiple steroids simultaneously. Modern
multiplex instruments can analyze thousands of samples per month so even with high instrument costs
the price of individual assays can be affordable.

The mass spectrometry of steroids goes back decades; the first on-line chromatography/mass spec-
trometry methods for hormone analysis date to the 1960s. This paper reviews the evolution of mass
teroid mass spectrometry spectrometric techniques applied to sterol and steroid measurement There have been three eras: (1) gas
chromatography–mass spectrometry (GC/MS), (2) Fast Atom Bombardment (FAB) and (3) HPLC/MS. The
first technique is only suitable for unconjugated steroids, the second for conjugated, and the third equally
useful for free or conjugated.

FAB transformed biological mass spectrometry in the 1980s but in the end was an interim technique;
GC/MS retains unique qualities but is unsuited to commercial routine analysis, while LC–MS/MS is rightly
stealing the show and has become the dominant method for steroid analysis in endocrinology.

© 2010 Elsevier Ltd. All rights reserved.
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. Preface
Mass spectrometry development has taken a century with sev-
ral notable early contributors, but it was F.W. Aston of this
niversity (originally an assistant of the famed J.J. Thompson) who

n 1919 developed an instrument recognized as the forerunner of
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current equipment [1]. He was subsequently awarded the 1922
Nobel prize for this achievement. Surprisingly, as early as the 1930s
following Urey and co-workers. [2] isolation of deuterium, sterol
metabolism studies utilizing labeled precursors were being car-
ried out by Schoenheimer and Rittenberg [3] so the combination of
steroids, stable isotope labeling and mass spectrometry goes back a
long way. By the 1950s systematic electron impact (EI) fragmenta-

tion studies of steroids were being carried out and the rudiments of
structure determination were evolving, but it was the next decade
before the facile identification of steroids from biological matrixes
became possible with the combination of chromatography and
mass spectrometry. The following sections describe early develop-

dx.doi.org/10.1016/j.jsbmb.2010.02.017
http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
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Table 1
The genesis of steroid mass spectrometry.

Year Development

1930s Discovery of deuterium; use in sterol metabolism
studies

1950s Electron impact/MS studies of sterols and steroids.
1960 First gas chromatography of sterols and steroids
1963 Molecular separator developed. Combination “GC/MS”

invented
1964 First GC/MS publication on human sterol metabolism
1965 The first commercial GC/MS introduced, the LKB 9000
1966 Full urinary steroid profile shown; steroids of

complexity range from androgens to cortisol separated
in one run

1971 Quadrupole MS introduced. Glass capillary columns
used for steroid GC

1972 Computerization and data systems developed
1974 “Mass fragmentography” (selected-ion-monitoring).

Hormone assay with labeled internal standards
1974 GC/MS first used for steroid doping control in sports
1979 Fused silica columns introduced
1980 Solid Phase Extraction (SPE) introduced for steroid

extraction
1982 Fast Atom Bombardment (FAB). First MS of steroid

conjugates
1983 Finnigan triple quadrupole mass spectrometer

introduced
1987 Thermospray LC/MS
1988 HP 5970 MSD bench-top GC/MS introduced
1991 ESMS and LC/ESMS introduced
1994 Isotope ratio MS introduced in sports doping control
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Fig. 1. The Ancestor. The first published study using an on-line chromatogra-
phy/mass spectrometry system applied to a human steroid investigation. A GC/MS
1990s Tandem MS developments, APCI, APPI
2002 onwards On-line extraction, full automation. Commercialization

of clinical steroid analysis by tandem MS

ents and the subsequent advances in steroid mass spectrometry
hich culminate in routine use of the technique in clinical diag-
osis. A timeline of these developments is given in Table 1. Recent
eviews of the status of mass spectrometry in clinical steroid anal-
sis are those of Griffiths et al. [4] and Shackleton [5].

. GC/MS

It was the demonstration of gas-chromatographic separation
f sterols by Sweeley and Horning in 1960 that set the stage for
he practical use of mass spectrometry in endocrine studies [6].

ithin three years the two techniques were combined and the
rst paper on combined gas chromatography/mass spectrome-
ry (GC/MS) of human sterols published [7]. Gas chromatography
nd mass spectrometry are analytical techniques that operate at
pposite pressure extremes; packed-column gas chromatography
ses large gas volumes at high pressure and mass spectrometry is
onducted in a vacuum. Although work had been carried out on
ombining these instruments in the 1950s, the key to producing a
uccessful GC/MS was the development by Ragner Ryhage and col-
eagues of the Karolinska Institute in Stockholm of the molecular
eparator, a device that removed the carrier gas while allowing the
nalytes to pass into the mass spectrometer [8]. Electron impact
as the ionization technique of choice and when used to fragment

rimethylsilyl derivatives of sterols and steroids gave excellent and
tructurally informative mass spectra. One of the enduring advan-
ages of this technique is the consistency of spectra obtained by
C/MS over the last 45 years. Fig. 1 shows a GC/MS chromatogram
nd sterol spectrum published by Eneroth et al. in 1964 [7]. True, the
hromatographic peaks would be a somewhat sharper if the anal-

sis was carried out today, but the �-sitosterol spectrum would be
dentical. The late 1960s saw the commercialization of GC/MS and
ts use for analyzing sterols, steroids and bile acids in natural flu-
ds and matrices. There is a huge literature of steroid GC/MS data
rom this era, much from the laboratories of Professor Jan Sjövall
chromatogram of a fraction of fecal sterols as TMS derivatives, and the mass spec-
trum of peak 4 identified as �-sitosterol.
From Eneroth et al. [7].

in Stockholm and the late Professors Evan and Marjorie Horning in
Houston. Publications and spectral libraries from this era remain
critically useful to this day.

Until the mid 1960s steroid GC/MS was limited to steroids
with simple structure, typically sterols, androstanes and 17-
deoxypregnanes. These could be analyzed underivatized or as
trimethylsilyl ethers. The silylation methods used at the time
were unable to adequately protect corticosteroids from thermal
degradation. This changed with the introduction of methyloxime
derivatization of carbonyl groups which when conducted before
silylation protected most steroids, although for corticosteroids the
hindered 11-carbonyl and 17-hydroxyl were resistant to deriva-
tization using reagents available at the time [9]. The improved
derivatization technique meant that by 1968 a full analysis or “pro-
file” of all human excreted steroids of interest could be obtained.
This is nicely illustrated in a urine steroid profile published by Horn-
ing et al. [10], which shows the separation of all steroids ranging
in complexity from androsterone to the cortols. It was recognized
that the free 17-hydroxyl still left corticosteroids to a certain extent
vulnerable to side-chain cleavage so a more powerful silylation
was sought. The introduction of trimethylsilylimidazole (TMSi) as
silylating reagent finally allowed all steroid hydroxyls to be deriva-
tized but this reagent had the disadvantage of being viscous and
involatile, unsuitable for injection into a GC/MS. Axelson and Sjö-
vall developed a derivative purification method based on lipophilic
Sephadex [11] and this was utilized for many years by steroid profil-
ers but was finally replaced by a water extraction method devised
by Dr Norman Taylor. A key development around 1970 was the
computerization of GC/MS data recording and processing, and soon
all instrument operations were managed by data systems [12].

The adoption of glass capillary columns for steroid analysis in
the early 1970s was a major development. Not only was it pos-
sible to achieve better separation of structurally closely related
compounds but the low gaseous flow rate allowed dispensing of
molecular separators permitting the column to exit directly into
the ion source. Glass capillary chromatography became invaluable

in profiling urinary steroid metabolites. An early example of glass
capillary column clinical steroid profiling is illustrated in Fig. 2. This
illustrates a GC/MS urinary steroid profile of an infant shown to
have hyperaldosteronism caused by renal tubule insensitivity to
the hormone [13]. The excess production of tetrahydroaldosterone
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Fig. 2. Early glass capillary column urine steroid GC/MS analysis in diagnosis
of a mineralocorticoid defect in a child. The figure shows GC chromatogram of
the methyloxime-trimethylsilyl ether derivative and mass spectrum of tetrahy-
droaldosterone, Peak 13. The mass spectrum is of the fully derivatized “open”
form of the steroid with molecular ion at m/z 638 and prominent ion form
by loss of an oxime residue at m/z 607. This baby clearly had hyperaldos-
teronism. Other steroids of note are tetrahydro-11-dehydrocorticosterone (peak
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1), 5�tetrahydrocorticosterone (peak 12), tetrahydrocortisone (peak 8) and 1�-
ydroxycortolone (peak 14) Cholesteryl butyrate is the internal standard.
rom Shackleton and Snodgrass [13].

as easily determined. By 1979 commercially made flexible fused
ilica columns had replaced the fragile glass ones used prior to that
ime.

GC/MS was widely used for clinical steroid analysis during
he 1970s both employing the repetitive scanning techniques for

rinary “profile” analysis metabolite analysis and selected-ion-
onitoring (SIM) for targeted serum steroids, the latter technique

n that era being termed “mass fragmentography”, a misnomer
ince molecular ions were often those selected. Ingemar Björkhem

ig. 3. Utilizing GC ion-trap MS/MS for improving specificity and sensitivity. This shows th
f serum 8-dehydroestriol, a diagnostic analyte for prenatal diagnosis of Smith–Lemli–O
y classical GC/MS approaches even when using the most sensitive SIM mode.
rom Shackleton [5], with permission.
Molecular Biology 121 (2010) 481–490 483

and his colleagues at the Karolinska institute introduced accu-
rate quantitative methods utilizing labeled internal standards of
many of the important compounds we are measuring today by
tandem MS [14]. It will be discussed in detail later but from the
late 1970s GC/MS SIM was developed as definitive methodology
for authentication of other analytical techniques. In addition to
Ingemar Björkhem notable early researchers in this field have been
Lothar Siekmann, Linda Thienpont and their co-workers [15–18]
and studies were carried out on testosterone, estradiol, proges-
terone, cortisol and aldosterone.

In terms of sample work-up procedures one important develop-
ment in the field was our introduction of C18 cartridges for sample
extraction [19], the technique now known as Solid Phase Extraction
(SPE). Most steroid methodologies in use today still rely on deriva-
tives of this method of steroid recovery from biological matrices.

GC/MS as a truly routine technique was finally established by
the introduction of computer controlled bench-top instruments by
Hewlett-Packard culminating in the mass selective detector (MSD)
marketed in 1982. Its descendents are still the workhorses of lab-
oratories to this day. While in many respects LC tandem MS now
dominates the steroid analysis field GC/MS is still important, and
of course also can have MS/MS capability if an ion-trap instru-
ment is used [5]. GC–MS/MS selected-ion-monitoring does not give
such good data as a single-stage quadrupole and there is little rea-
son to use it for urine steroid analysis when sample is plentiful.
However, one recent problem we have had was in the prenatal diag-
nosis of Smith–Lemli–Opitz syndrome when sensitive analysis of
8-dehydroestriol in maternal serum was required. This diagnostic
analyte can be present in very low concentrations so high back-
ground was a problem in a single-stage instrument and obtaining
a definitive spectrum of the analyte could be challenging. Using a
interferences, thus increasing the overall sensitivity. Moreover, the
high specificity achieved allowed a reduction in the overall run time
(from 30 min to 15 min), by modifying the temperature program on
the GC. As an example of specificity improvement Fig. 3 shows the

e full scan and product-ion MS/MS spectrum for the trimethylsilyl (TMS) derivative
pitz syndrome (SLOS). Due to low concentration its presence may be not detected
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ull scan and product-ion MS/MS spectrum for 8-dehydroestriol.
hen using full scan mode, the detection of the most abundant

ons (m/z 412, 397, 322, and visual appearance of the full spec-
rum) was compromised by the high background (Fig. 3, left). In
ontrast, acquisition in MS/MS mode (precursor ion m/z 412) pro-
ides a cleaner mass spectrum and a superior signal to noise ratio
S/N), especially for the transition product ion m/z 322 (Fig. 3, right).

The current role of GC/MS in clinical steroid analysis is discussed
n papers by Shackleton [5] and Krone and co-workers [20, this
ssue].

. Fast Atom Bombardment (FAB)

Steroid hormones are metabolized by oxidation and reduction
Phase 1 reactions) and conjugated (Phase 2) prior to excretion and

t is these metabolites that when deconjugated are analyzed by
C/MS profile analysis. The analysis of intact glucuronides can be
chieved, but in reality is not very practical [21].

From early in biological mass spectrometry a goal has been the
nalysis of polar and fragile compounds without chemical deriva-

ig. 4. FAB spectra of unresolved urine steroid conjugates. Urine extracts were put directly
he molecular anion, conjugates can be separated in a spectrum provided they differ in m
eficiency and 21- and 17-hydroxylase. Selected abbreviations: And/Etio, androsterone an
one; THF/alloTHF, tetrahydrocortisols; c’ones, cortolones; DHA, dehydroepiandrosterone
7-hydroxypregnanolone; PT, pregnanetriol; 11-oxo-PT, pregnanetriolone; THS, tetrahyd
rom Shackleton and Straub [23], with permission.
Molecular Biology 121 (2010) 481–490

tization. The year 1981 saw the introduction by Barber et al. [22]
of Fast Atom Bombardment, the first mass spectrometric technique
to allow such analyses. In this ambient temperature technique the
sample is mixed with an involatile matrix on a target which, fol-
lowing placement in the ion source is bombarded by a stream of
atoms (Xe). The analyte is “sputtered” out of the matrix as an ion
which is then detected and recorded by the mass spectrometer.
This ionization can be also achieved with heavy ions such as Cs+,
and this sister technique is called liquid-SIMS (secondary ion mass
spectrometry), although FAB is often used as generic term for both
techniques. Little molecular fragmentation occurs and ions pro-
duced are largely negative or positive molecular ions. The technique
was principally adopted by peptide and protein analysts but we
soon found it was ideal for analyzing steroid conjugates [23]. These
gave simple mass spectra in negative mode essentially comprising

just the molecular anion which meant that urinary steroids could
be separately detected providing they differed in mass. We realized
that unfractionated urine could be put on the probe and different
forms of steroid biosynthetic disorders distinguished by the pat-
tern of metabolites seen in the FAB spectra (Fig. 4). Each analyte

onto the probe. Since negative ion FAB spectra are composed almost exclusively of
ass. We were able to differentiate three forms of CAH using this technique: 3�HSD
d etiocholanolone; THB/alloTHB, tetrahydrocorticosterones; THE, tetrahydrocorti-
; �5PT, pregnenetriol; �5P’one, pregnenolone; �5PD, pregnenediol; 17-OH-P’one,
ro-11-deoxycortisol; HHS, hexahydro-11-deoxycortisol.
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iffering in mass appeared separately within the mass spectrum.
AB was progressively improved by the introduction of continuous
ow FAB allowing on-line HPLC FABMS [24] and its use with tan-
em MS instruments vastly increased its utility. FAB MS has been
sed in describing a new bile-acid biosynthetic defect [25] and as
diagnostic method for another sterol disorder cerebrotendinous
anthomatosis [26]. While a groundbreaking technique its use for
teroid or bile-acid analysis was eclipsed by the introduction of
PLC/MS.

. HPLC/MS

Blakley and Vestal [27] described the first practical HPLC/MS
ased on thermospray. We first utilized the technique for steroid
nalysis in 1987 and showed that it was particularly valuable for
he analysis of steroid conjugates in negative ion mode where the

olecular anion dominated [28]. Unconjugated steroids were also
eadily analyzed. We utilized the technique clinically for the diag-
osis of Recessive X-linked Ichthyosis through the measurement of
erum cholesterol sulfate [29] and we also published the first clin-
cal assay of intact DHEAS [30]. Few clinical assays were reported
sing this technique although one of note is the profiling of serum
orticosteroids by Shibasaki et al. [31].

LC/TSP MS was superseded by electrospray MS following its
escription in 1989 by Fenn et al. [32]. Professor Fenn was awarded
he 2002 Nobel prize for this development. This latter technique
ould utilize narrow bore columns and solvent flow rates much
ower than TSP MS. Capillary column/“nanospray” technology was
lso realized. In that era the focus was on using electrospray ion-
zation (ESI) for macromolecules, particularly proteins but it was
hown to be equally effective for small analytes including steroids
nd steroid conjugates. By this time Tandem MS was available
hich gave much needed specificity through the ability of moni-

oring the fragmentation of steroid specific daughters. This allowed
eduction of background signal and separate analysis of poorly
hromatographically separated steroid isomers which had differ-
nt daughter ion fragments. In spite of the availability of potentially
seful LC/MS methodology throughout the 1990s, there are few
eports of the technique being used in clinical investigations. A
ood early paper on profiling corticosterone metabolites by ESI
S/MS is that of Miksik et al. [33]. This paper reproduces spec-

ra of many A-ring saturated steroids which is useful as there is
paucity of tandem LC/MS studies of such compounds. Another

ecent article that includes chromatograms and spectra of reduced
etabolites is that of Hauser et al. [34]. Yamashita et al. [35] have

ecently published a method for analyzing a panel of urinary steroid
etabolites (cortisone, cortisol, tetrahydrocortisone, tetrahydro-

ortisol and 5�-tetrahydrocortisol) by LC/MS/MS using the piconyl
erivatives which gives much greater sensitivity of measurement.
owever, with these few exceptions tandem MS has not been
idely adopted for metabolite measurement, a role where GC/MS

s still preeminent [20].
Bill Griffiths, now Professor at the University of Wales, Swansea,

orked with Jan Sjövall and colleagues at the Karolinska institute
eveloping high-sensitive, capillary column nano ESI/MS analysis
f brain steroids, sterols and steroid sulfates [36–38]. A notable
eature of their work was the novel use of Girard derivatives of
arbonyl groups which resulted in excellent chromatographic
roperties and improved mass spectral fragmentation. While
hese techniques for tissue steroid profiling were invaluable on

research basis they are unsuitable for routine use in hormone
easurement. Retention times are long and chromatographic

ystems not sufficiently robust for high-volume routine use. We
arried out a pilot study showing this methodology could be used
or diagnosis of Smith–Lemli–Opitz syndrome prenatally through
Molecular Biology 121 (2010) 481–490 485

quantitation of cholesterol and dehydrocholesterol [39]. However,
to be effective this method would have to be transferred to a UPLC
tandem MS platform.

5. Tandem MS as a mainstream technique in diagnostics

Only in the current decade have clinical laboratories made
major attempts to utilize the technique as primary analyt-
ical procedures, but this field is now very active. In the
US this work has been spearheaded by groups at the Mayo
Clinic (mayomedicallaboratories.com), ARUP (aruplab.com), Eso-
terix (esoterix.com), Quest Diagnostics (questdiagnostics.com) and
Georgetown University. In Europe the players are generally aca-
demic affiliated such the German groups in Hannover, Erlangen
and Leipzig, whose participants can be located within the papers
cited in the bibliography.

The recent push towards adoption of mass spectrometry for
clinical assays came not from analysts but from neonatologists
and endocrinologists with little knowledge of the technique, but
dissatisfaction with the status quo. There are several, but two
major origins for this development: (1) the necessity of follow-up
(“second-tier”) analysis on newborn screening results for congen-
ital adrenal hyperplasia and (2) a realization that many hormone
assays based on RIA were irreproducible, inaccurate and gave rise
to compromised diagnoses.

Regarding the methodologies in use by the major players. Apart
from electrospray ionization, two other LC interfaces were devel-
oped in the late 1990s and are in common use in steroid analysis;
APCI (atmospheric chemical ionization) and APPI (atmospheric
photoionization). Each analytical group, using different method-
ologies and equipment have determined the most sensitive system
for each steroid. Electrospray is certainly the favorite for conju-
gates, and APCI seems to be in first place for most neutral steroids,
although ESI remains popular. Nearly all groups utilize positive-ion
MS and with the latest generation of equipment forgo any chemical
derivatization. There are exceptions reported, particularly for the
analysis of aldosterone and the estrogens. Aldosterone is analyzed
in negative mode by some groups [40,41] and other researchers uti-
lize the piconyl derivative for a 10-fold improvement in sensitivity
[42]. Dansylation of estrogens is favoured to improve sensitivity of
measurement, particularly in children [43] but other groups have
achieved needed sensitivity without derivatization [44], and the
major US commercial laboratories universally measure aldosterone
and estrogens without modification. Reading the papers from the
various groups you will find that while the goals are the same there
are many differences in technique. Some have on-line extraction by
HPLC or turbulent flow, some have off-line SPE or solvent extrac-
tion. Some do protein precipitation, some do not. Some derivatize
to achieve needed sensitivity. Some use the new micro particle
UPLC (Ultraperformance LC) chromatography systems and others
conventional columns.

While the focus for the remaining part of the paper is on blood
analysis (serum or blood spot), tandem MS is now widely used
for analyzing steroids in other matrices. Taylor et al. validated a
method for free urine cortisol and cortisone in 2002 [45] and a sim-
ilar method that includes the ring-A saturated metabolites of corti-
sol has been recently published [42]. Saliva has become an impor-
tant medium for diagnosis and recent papers describe the quanti-
tation of salivary cortisol as a surrogate marker for free hormone
concentration, and in screening for Cushing’s syndrome [46,47].
5.1. CAH diagnosis

Diagnosing CAH in the newborn period has long been a chal-
lenge [48]. In fact this is relatively easily and accurately carried out

http://mayomedicallaboratories.com/
http://aruplab.com/
http://esoterix.com/
http://questdiagnostics.com/
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Fig. 5. CAH newborn screening: second-tier testing. UPLC–MS/MS steroid profiles
of a normal (A) and CAH infants (B) were obtained using positive-ion ESI in selec-
tive reaction monitoring (SRM) mode. Deuterated internal standards were used for
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n random urine samples by GC/MS [49,50]. With the more ubiqui-
ous serum analysis of 17-hydroxy-progesterone (17OHP) the false
ositive rate is very high generally due to cross contamination by
etal steroids. In an early ESI/MS and GC/MS study we showed that
he major source of contamination was 17-OH-pregnenolone sul-
ate [51], and the topic has been recently discussed by Fingerhut
nd co-workers [52] who confirm the likelihood of steroid conju-
ates being partially responsible for elevated 17OHP levels, as titres
ropped markedly if non-polar solvent extraction preceded RIA.
hey propose that a second reason for high values is stress induced
ncrease in 17OHP levels, particularly in premature newborns.

any researchers would agree with this interpretation. While com-
romised 17OHP values in newborns has been long known, the
everity of the problem has been accentuated by the introduction
f blood-spot screening for CAH which is now required in all of
he States which comprise the USA. The false positive rate is the
reatest of all the mandated screens carried out. Clearly some form
f confirmatory or “second-tier” testing was necessary for infants
ound positive for CAH at newborn screening. It was mentioned
hat GC/MS is an excellent technique for neo-natal CAH diagnosis
ut the technique would not be useful for confirmation of new-
orn screening results where hundreds of samples may need to be
nalyzed monthly.

Significant progress has now been made in developing a second-
ier test based on LC–MS/MS for use in confirming the disorder in
ases found positive by the initial radioimmunoassay screen [53].
he accuracy of diagnosis is greatly improved when a result panel
ncluding 17OHP, androstenedione and cortisol is produced, par-
icularly if quantitative levels are obtained by the use of labeled
nternal standards [54]. An excellent systematic study has been
eported by Schwarz et al. [54] which is based on experience
n newborn CAH screening by the State of Utah. From an initial
IA 17OHP screening of 64,000 newborns a large number were
onsidered to have elevated results, possibly indicative of CAH.
nalyzing the steroid panel of the samples initially suspected of
aving high 17OHP greatly reduced the number of false posi-
ives. Fig. 5 shows comparative chromatograms of the diagnostic
teroids in a normal blood spot and one from an infant subse-
uently shown to have CAH, visually these are very distinctive and

he high levels of androstenedione and 17OHP in the CAH infant
an be clearly seen. The criteria for a positive second-tier test was a
7OHP level > 12.5 ng/ml and an androstenedione + 17OHP/cortisol
atio > 1.0. Of 64 samples giving positive second-tier results from

very large cohort only 6 were confirmed clinically as having

ig. 6. Improved accuracy of CAH diagnosis by including 21-deoxycortisol in HPLC–MS/M
articularly if babies are premature. By contrast, 21-deoxycortisol is only abnormal in CA
rom Janzen et al. [57], with permission.
quantification; the illustration represents equivalent volumes of serum for the two
infants.
From Schwarz et al. [54], with permission.

CAH showing that even measuring these three parameters there
is still a high false positive rate. I have long believed that this is
a rationale for quantifying 21-deoxycortisol as an important ana-
lyte in addition to 17OHP. This steroid is “one hydroxylation step”
closer to cortisol than 17OHP so inherently must be the better ana-
lyte. It has been know for 40 years in the urine metabolite field
that the 21-deoxycortisol metabolite pregnanetriolone is the sin-
gle best analyte for confirming CAH by GC/MS. While 17OHP has
a central role in steroid biosynthesis, being at a branch-point, with
its options being either routes to cortisol or the androgens; 21-
deoxycortisol is on a “spur” or “tangent”, a compound only formed
when there is deficient 21-hydroxylase. There are many reasons
why 17OHP may be increased which is why it varies so greatly in
the neonate, its production changing with prematurity and birth-
weight, for example, probably attributable to stress. Cristoni et
al. [55] first described the measurement of 21-deoxycortisol for
CAH diagnosis by HPLC–MS/MS. Janzen and colleagues expanded

this observation and showed that quantifying this analyte in new-
borns allows accurate diagnosis of the condition, independent of
prematurity, birth weight or other factors [56,57]. Fig. 6 is from
their 2006 publication and illustrates their results for 17OHP and

S methods. There can be overlap between 17OHP levels in normal and CAH infants,
H infants.
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Fig. 7. Tandem MS plasma steroid profiles of three individuals: patient with nor-
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more attention must be focused on assay quality and training.
al adrenal function (reference) and CAH patients with 17�- and 21-hydroxylase
eficiencies.
rom Rauh [59], with permission.

1-deoxycortisol in normal and premature newborns and in CAH
abies. In fact, in treated CAH infants only 21-deoxycortisol give
levated values. While I focused on the Janzen and co-workers’
easurement of 21-deoxycortisol [57], their serum and blood-spot

teroid panel also includes 17OHP, testosterone, androstenedione,
ihydrotestosterone, corticosterone, 11-deoxycortisol and corti-
ol, making it a very comprehensive test. These workers have
lso demonstrated the use of their method for diagnosis of 11�-
ydroxylase deficiency [56–58]. Rauh and co-workers have also
ontributed greatly to this field and have adopted an LC/tandem
S panel also incorporating 21-deoxycortisol and corticosterone

nd a nice example from their work is in Fig. 7 showing profiles
elineating the 21- and 17-hydroxylase deficiency forms of CAH
59]. Since initial review of this current paper one more important
tudy has been published: Rossi et al. [60] describe the second-tier
esting for CAH using a panel of 17OHP, androstenedione, 11- and
1-deoxycortisol and cortisol. They used only 50 �l of serum, sol-
ent extraction, and UPLC/MS/MS with electrospray ionization. All
teroids could be quantified within 3 min.

Summarizing this section; I believe a panel containing
7OHP, cortisol, 21-deoxycortisol and androstenedione should be
mployed by all doing second-tier testing for newborn screening
f 21-hydroxylase deficiency CAH. I would also suggest that diag-
osis could be clinched by “third-tier” testing using urinary steroid
C/MS, a non-invasive technique with close to zero false positives.

.2. Improving accuracy of hormonal measurement

Currently LC/tandem MS is transforming clinical steroid mea-
urement. Historically, steroid hormone assays carried out by
ifferent laboratories using different methodologies, typically
adioimmunoassay, have shown unacceptable variability. This is
n old problem, it having been addressed since the beginning
f hormonal measurement [61]. Isotope dilution GC/MS was the
riginal technique used for validation of routine methods; so-
alled “definitive” or “reference” methodologies [14,15]. Early-on
commission of the European community addressed these issues

nd there are multiple publications on production and validation

f authenticated calibrators [16–18]. Methodologies employing
hese calibrators were named Reference Measurement Procedures
RMPs). In contrast to the EU, the United States has paid less atten-
ion to standardization of hormonal analysis.
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While accuracy and reproducibility concerns have been around
a long time and hold true for all serum steroid measurements, it has
recently surfaced in the US as a particular problem in testosterone
and estradiol measurement. Accurately diagnosing hypogonadism
in men is compromised, and determining hypo- and hyperandro-
genism in women and children with naturally lower levels is an
even greater problem. For low testosterone conditions the prob-
lem is not just interlaboratory variation, but the existing kits and
methods themselves are inadequate for measurement at low lev-
els. A groundswell of dissatisfaction with testosterone assays has
been documented in recent papers such as those of Rosner et al.
[62], and a panel of experts met at the Center for Disease Control
(CDC) to address this problem [63].

Over the last few years several prominent academic and
commercial laboratories have introduced LC/MS/MS methods of
analysis in an attempt to improve the measurement of testos-
terone and other hormonal steroids [64–66]. These facilities can
now do testosterone measurement at rates of thousands of sam-
ples per month with the high sensitivity required for the female and
pediatric population. Typically these laboratories have good within
facility reproducibility and comparisons of measured amounts
between laboratories has greatly improved over results obtained by
radioimmunoassay. However, there is still unacceptable variation
and further standardization of materials and methods is needed.
This is actively been addressed with the help of the National Bureau
of Standards (NBC) and the CDC. A key development was publica-
tion and use of a candidate RPM method for testosterone reported
by Tai et al. from the National Institute of Standards and Technol-
ogy (NIST) [67]. The repeatability of within-set and between set
values were <1.0%. This method was used as the gold-standard in
a study published by Vesper and colleagues for comparing eight
commercially used methods [68], and while the results showed
that accuracy had improved over previous techniques the results
emphasized the work that still had to be done to standardize
methodology, materials and calibrators. Thienpont et al. [69] have
made a similar study comparing four published LC tandem MS
methods to a GC/MS RMP. It should be noted that this RMP is one
of two listed by the Joint Committee for Traceability in Labora-
tory Medicine (JCTLM). It has been in constant use in a reference
laboratory for 15 years emphasizing how old this problem is. The
study demonstrated fairly good accuracy and standardization of
the LC–MS/MS procedures but calibration issues remained, again
emphasizing the need for thorough validation, including traceabil-
ity of all methods in routine clinical use.

In the era of ultrasensitive LC/MS assays not only does much
more attention need to paid to authentication of steroid standards
and calibrators but also to quality of often-used solvents and plas-
tics. Contaminants that were previously below sensitivity threshold
can now be a major problem.

While the focus on assay improvement has been with testos-
terone, all hormonal steroid measurements would be improved by
the adoption of tandem MS and now several labs are offering anal-
ysis of multiple steroids, including hard-to-measure steroids such
as aldosterone and the estrogens [34,40,44,53,64,65,70]. LC/MS/MS
has now become the preferred technique for quantitation of the
seco-sterol 25-hydroxy-vitamin D3 [64,71]. A candidate reference
method (RMP) for progesterone has recently being published by Tai
and colleagues at the NIST [72].

As these assays come on-line stringent controls will be needed
to ensure within-lab and between-lab accuracy and reproducibil-
ity. When major labs adopt LC/MS/MS on a massive scale even
Systemic error, failure to follow precise protocols, quality control
lapses in a commercial laboratory can now cause thousands of
inaccurate results to be reported. This was the case a year ago for
the 25-hydroxy-vitamin D assay offered by Quest Diagnostics. This
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Fig. 8. Steroids quantified using the kit being developed by Perkin-Elmer. Total ion chromatogram of the 10 compounds in the calibrator: 1. aldosterone; 2. cortisol; 3.
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HEAS; 4. corticosterone; 5. 21-deoxycortisol; 6. androstendione; 7. testosterone;
on mode, the remaining peaks being acquired in positive-ion mode: the insert sho
hromatogram supplied courtesy of Dr Blas Cerda, Perkin-Elmer Corporation.

ell-respected company admitted to using faulty calibrants and
ncorrect procedures in four of its facilities. Training, vigilance and
ccurate calibrants are all vital if steroid assays are to be improved
73,74]. This episode emphasizes the importance of using common
tandards and calibrators in improving the reproducibility of this
ssay between laboratories.

A recent sea-change in clinical mass spectrometry results from
he pro-activity of instrument and technology companies in lis-
ening to, and working with, analysts to improve methodologies.
ntil recently, once such companies had cashed the check for
ardware their interest waned. Their sustained concern is not altru-

sm; they see a potential revenue stream, so are spearheading
he development of comprehensive kits to improve accuracy and
eproducibility and work diligently to keep a close relationship
ith users. This is an important development because individual

esearch scientists, and endocrinologists do not have the deep-
ockets required to undertake the methodology development and
roficiency evaluation required. Acquiring or producing needed

abeled internal standards alone is often prohibitively expensive.
his work is not readily funded by research agencies and many com-
ercial laboratories would also find this investment daunting. The
aters [60] and Perkin-Elmer corporations are actively contribut-

ng to this development since both have active groups working
n clinical steroid analysis. Perkin-Elmer are in the final stage of
ntroducing a kit for the analysis of 10 steroid hormones and pre-
ursors. This kit will include all needed labeled internal standards,
alibrators and controls. This application will work on any cur-
ent generation LC–MS/MS platform, although some instruments
ay not have the sensitivity required for analytes in lowest con-

entration. Fig. 8 shows the selected ion/MRM transition total ion
hromatogram of the steroids that will be quantified. We hope such
its will bring uniformity of steroid results produced worldwide
loser to realization.

The days of immunoassay in serum steroid hormone measure-
ent seem numbered. However, the advent of the LC/MS/MS era
ill result in consolidation of diagnostic services as few small diag-

ostic labs will be able to afford the hardware. Only the most
xpensive of current instruments have the sensitivity to measure
he full range of steroid hormones and precursors. Large commer-
ial entities in the US such as the Mayo clinic, Esoterix, ARUP and
uest Diagnostics quickly recoup their investments because of the

[

[

HP; 9. DHEA; and 10. progesterone. Data for aldosterone was acquired in negative
extracted ion chromatograms for the MRM transitions of peaks 8 and 9.

large number of samples analyzed. This would not apply to smaller
labs who may have to use more modest equipment and forgo some
of the most taxing analytes. Such labs without state-of-the-art
machines may have to restrict there offerings to easier analytes
and make use of derivatization to improve sensitivity.

While tandem MS will replace immunoassay techniques for
serum steroid analysis, GC/MS still has a role to play in the evalua-
tion of individual patients, as argued in a separate paper in this issue
[20]. GC/MS is still preeminent for studying complex metabolomes,
and even for confirming pediatric CAH on a less invasive basis since
only a urine sample is required.
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