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Summary and conclusion 

In recent years much attention has been paid to the reliability of hormone 

measurements, especially those of steroid hormones. This process was initiated by the 

publication of Taieb et al., which showed that commonly used immunoassays for 

testosterone were not suitable to measure the low serum testosterone concentrations in 

females and children (1) and the Endocrine Society’s Position Statement and the subsequent 

Consensus statement on testosterone assays, stating that the accuracy of testosterone 

measurements needs improvement (2;3). Since these publications much effort was put in 

the development of reliable assays for steroid hormones. LC-MS/MS became available in 

clinical laboratories and many LC-MS/MS assays were developed for steroid hormone 

analysis (4). More and more LC-MS/MS is seen as the recommended method for reliable 

steroid hormone analysis and as method which should be preferred above immunoassays 

for both clinical diagnostics and research. The Editorial Board of the Journal of Clinical 

Endocrinology and Metabolism (JCEM) stated recently that from 2015 on ‘manuscripts 

reporting sex steroid assays as important endpoints must use MS-based assays’ and ‘it is 

anticipated that [this requirement] will be extended to adrenal steroids and vitamin D in the 

near future’ (5). Although the requirement for reliable steroid assays is urgent and the 

superiority of LC-MS/MS above immunoassays appears to be clear, the JCEM statement 

seems to have too little data to rely on. The studies described in this thesis aimed to 

contribute to the debate on reliable assays for steroid hormones and to provide data on 

which a proper advise for the research community and clinical laboratories can be based.  

In Chapter II we describe the characteristics and performance of a LC-MS/MS method 

for the quantitative determination of DHEAS in serum and cerebrospinal fluid. This LC-

MS/MS method was subsequently compared to seven currently used commercially available 

immunoassays for the analysis of DHEAS in serum (Chapter III). Of these immunoassays 

three agreed well with LC-MS/MS (R between 0.93 and 0.99 and slopes of the regression 

lines ranging from 0.92 to 1.07) and showed good recoveries. Four methods, however, 

showed a standardization difference with the LC-MS/MS method (slopes were 0.84, 1.14, 

1.20 and 1.28) and one assay had an unacceptably high intra-assay coefficient of variation of 

18%. These data were found to be in agreement with data obtained in three EQAS’s. The 

problems found in some of the commercially available immunometric methods for DHEAS 



analysis may potentially have clinically adverse consequences and lead to false conclusions 

in research. We, therefore, advise the manufacturers to improve their DHEAS assays and 

laboratory specialists to critically review the DHEAS method they employ.  

Chapter IV describes an LC-MS/MS method for the simultaneous quantitative 

measurement of testosterone, androstenedione and DHEA levels in serum and plasma. This 

method was subsequently compared to six other published LC-MS/MS methods for 

simultaneous measurement of testosterone, androstenedione and DHEA levels in serum 

(Chapter V). These seven published LC-MS/MS methods showed a good agreement for 

testosterone (r ranged between 0.942-0.993 and 0.990-0.999; and slopes of the regression 

lines ranged between 0.92-1.08 and 0.92-1.08 for testosterone concentrations in females 

and all testosterone values, respectively). For androstenedione r ranged between 0.956-

0.999 and slopes of the regression lines ranged between  0.90-1.13 for six of the methods. 

Except one method (r 0.356 and slope 1.18), which was later found to suffer from a severe 

interference from newly introduced plastic well plates, the investigated LC-MS/MS methods 

for androstenedione showed a good agreement. For DHEA, r was between 0.946-0.992 and 

slopes were between 0.91-1.41. Three of the methods for DHEA had a substantial 

standardization difference with the other four methods. One of them was later found to be 

due to an inaccurate standard (6). The inter-method coefficients of variation (CV) between 

these seven LC-MS/MS methods were 14%, 8%, 30% and 22% for testosterone for 

concentrations in females and males, androstenedione and DHEA, respectively. The inter-

method variation for the LC-MS/MS methods for testosterone concentrations in females 

(14%) and males (8%) was clearly lower than the inter-method variation for seven currently 

used immunoassays for serum testosterone assessment (73% and 12% for testosterone 

concentrations in female and male concentration range, respectively) (7), meaning that, 

mainly at low testosterone concentrations, the LC-MS/MS methods used in this study as a 

group, were in better agreement with each other than the commercially available and 

frequently used immunoassays. 

Chapter VI describes a comparison between eight routine unpublished LC-MS/MS 

methods for the simultaneous measurement of serum testosterone and androstenedione 

concentrations and the method described in Chapter IV. Although most routine LC-MS/MS 

methods investigated here showed a reasonable to good agreement, some of the assays 



showed a high variation, a difference in standardization or low recoveries (r ranged between 

0.958-0.995, 0.986-1.00 and 0.900-0.998; and slopes of the regression lines ranged between 

0.90-1.25, 0.87-1.24 and 0.94-1.31 for testosterone concentrations in females, all 

testosterone values and androstenedione, respectively). Inter-method CVs found in this 

study were 24%, 14% and 29% for testosterone for concentrations in females and males and 

androstenedione, respectively. These compare unfavorably to the variation found in 

published LC-MS/MS methods (Chapter V). Based on this difference, it is tempting to 

speculate that the peer-review process stimulates the efforts put in method development 

and validation. Still, in samples from women the testosterone inter-method variation of the 

unpublished LC-MS/MS methods was way better than the inter-method variation of 

immunoassays. Both studies, described in Chapter V and VI stimulated the participants to 

reveal the origin and solve the shortcomings found in these method comparison studies. 

Some of the problems found in this study might have their origin in (unknown) changes in a 

previously well validated method, as was shown in Chapter V. This underlines the necessity 

not only for initial validation but also for the continuous monitoring of LC-MS/MS methods, 

for example by participation in internal and external quality assessment schemes as well as 

more elaborate method comparison studies such as described in this thesis. The data 

presented in both comparison studies demonstrate that LC-MS/MS is not reliable per se and 

that standardization and variation need improvement in some of the methods.  

One of the issues in LC-MS/MS assays is the choice of internal standard. Internal 

standards are used to correct for any losses during sample preparation as well as ion 

suppression or enhancement phenomenons. Therefore internal standards should be as 

similar as possible to the analyte in question concerning its behaviour during sample 

preparation and liquid chromatography, however hold the possiblility to be distinguished in 

the mass spectrometer by having a slightly different molecular mass. Therefore analytes 

labeld with stable isotopes, such as deuterium-labeled and 
13

C-labeled analytes are used. 

Although the suitability of any type of stable isotope label is generally accepted, choice of 

internal standard was found to be important for accurate analysis (8-10). The suitability of an 

internal standard depends on the conditions of the method, mainly the chromatographical 

conditions and the ability of the respective internal standard to co-elute exactly with the 

analyte. Therefore internal standards are not per se interchangeable in a method and a new 



internal standard needs carefull validation. In addition, internal standard choice was found 

to be responsible for systematic bias in LC-MS/MS assays (8), which would probably at first 

sight impress as a calibration problem. This might have been the case in some of the assays 

investigated in Chapter V and VI. Moreover, some of the assays investigated in these 

Chapters use one internal standard for several analytes, e.g. [
2
H8]-17-hydroxyprogesterone 

for testosterone and androstenedione. An internal standard which does not behave the 

same during sample preparation and does not co-elute with the respective analyte might not 

be able to correct for losses and ion suppression and enhancement. This might have 

contributed to the high variation, low recovery and probably also the standardization 

difference seen in these assays.  

Recently, Owen et al. reported that differences between LC-MS/MS methods, also 

systematic bias, is often not caused by differences in calibrators, but might be caused by 

several other causes, such as internal standard choice, sample preparation and 

chromatographic conditions (11). This observation as well as the differences between 

several LC-MS/MS methods seen in Chapter V and VI hold the demand for further research 

into the factors causing variability and bias in LC-MS/MS methods for steroid hormones. This 

information would then help laboratory specialists as well as researchers to develop 

accurate assays and provides tools to improve existing methods.  

The lower inter-method variation between LC-MS/MS assays (both published and 

unpublished methods) compared to immunoassays for testosterone, supports the JCEM-

policy to accept manuscripts reporting testosterone in the lower concentration range only 

when these are measured by mass spectrometry based methods (5). However, the problems 

found in some of the LC-MS/MS assays as well as the variability found between the various 

LC-MS/MS methods, suggest that such a policy alone is not an assurance for high quality sex 

steroid measurement results. A next statement concerning hormone measurements should 

probably not include the requirement for LC-MS/MS assays as such, but emphazise the 

requirement for accurate assays of any analytical method, and most importantly demand 

from authors to provide data that prove that the method used underwent a thorough 

method validation and is under continuous quality control.  

 



The second half of this thesis focused on the measurement steroid hormones in 

saliva. Chapter VII describes three LC-MS/MS methods for the simultaneous measurement 

of testosterone and androstenedione concentrations in saliva. These methods were 

developed and validated in different laboratories using different procedures and 

instruments and show a good agreement. A good agreement between analytical methods is 

one of the requirements to use the same reference values. This is not possible for the 

immunoassays reported earlier (12;13), and is thus a clear improvement in salivary steroid 

testing for both clinical diagnostics and research purposes. The agreement between these 

three methods described in Chapter VII holds the promise of more LC-MS/MS assays with 

comparable agreement becoming available in future, allowing further comparability of 

research studies on salivary steroids as well as the use of the same reference values in 

various hospitals. Chapter VIII describes reference values for salivary testosterone in 

adolescent boys and girls. Due to the agreement between the three methods described 

these reference values can be applied in these three laboratories.  

Chapter IX addressed several questions concerning a proper saliva sample collection. 

Firstly, an experiment was designed to investigate whether unconjugated steroid hormone 

concentrations in saliva are influenced by the salivary flow rate. It was hypothesized that 

unconjugated steroids diffuse from serum to saliva through the cells of the salivary glands 

(the intracellular route) and that this process is independent of salivary flow rate, like was 

shown for cortisol (14). Our experiment showed that this hypothesis holds true for 

testosterone and androstenedione. Cortisone concentrations were found to decrease upon 

stimulation of the salivary flow rate. We hypothesize that this is due to a rate-limitation of 

the enzymatic conversion of cortisol into cortisone in the salivary gland. Secondly, we 

investigated whether there is a difference in steroid hormone concentrations between 

parotid saliva and whole saliva. Parotid saliva contained lower concentrations of 

testosterone, androstenedione, cortisol and cortisone in comparison to whole saliva. This 

suggests that the different salivary gland might have different steroid excretion profiles 

depending on the enzymes present in the respective glands. This question need to be 

addressed in future studies.  

In addition, we studied the influence of several frequently used methods to collect 

saliva, on the concentration of salivary testosterone, androstenedione, cortisol an cortisone 



levels. The most striking findings of this experiment were the dramatically decreased 

testosterone and androstenedione concentrations in saliva collected using synthetic 

Salivette® swabs and the likewise dramatic increase in saliva collected using cotton 

Salivette® swabs. These findings are in line with earlier studies (15-17). It is hypothesized 

that testosterone and androstenedione, in contrast to cortisol, absorb to the synthetic 

Salivette® swabs. The increase in testosterone and androstenedione concentrations by 

cotton Salivette® swabs is likely caused by vegetal hormones present in the cotton, which 

might diffuse into the saliva and interfere with the steroid measurements (17;18).  The 

detection of both hormones in water filtered over cotton swabs, as is described in Chapter 

IX, strongly support the suggestion that testosterone and androstenedione, or at least 

compounds that behave exactly the same, chromatographically and in the mass 

spectrometer, are present in cotton Salivette® swabs. From these experiments the following 

conclusions were drawn. Stimulation of saliva secretion per se does not influence 

testosterone, androstenedione and cortisol levels, but decreases cortisone concentrations. 

Both investigated types of Salivette® swabs should be avoided for salivary steroid hormone 

measurements, with the exception of cortisol analysis. Based on the present data 

unstimulated saliva collection in a simple polypropylene tube is the best choice for all 

salivary steroid hormone measurements. These pre-analytical advices as well as several 

critical aspects of salivary steroid hormone analysis were discussed in Chapter X. This latter 

Chapter also demonstrates that the choice of analytical method is crucial when drawing 

conclusions from salivary hormone analysis. Salivary testosterone measured by a 

commercially available immunoassay as well as a LC-MS/MS method were found to lead to 

different conclusions in a study concerning the relation between testosterone and 

leadership. That the choice of analytical method can have an influence on conclusions of 

scientific studies was reported earlier (19;20) and should be kept in mind when research 

projects are designed.  

 

In conclusion, this thesis shows that LC-MS/MS assays are suitable for serum as well 

as salivary quantitative analysis of testosterone and androgen precursor hormones as 

DHEAS, DHEA and androstenedione. It was also shown that most published and routine LC-

MS/MS methods for testosterone, androstenedione and DHEA measurement,  investigated 



in this thesis, agree reasonable to good. However, several problems, such as standardization 

differences and high variation, were identified in LC-MS/MS assays as well. The findings of 

this thesis underline that a superior technique, such as LC-MS/MS, alone is not a guarantee 

for reliable measurement results, but that many other aspects, such as proper sample 

collection and handling, thorough method validation, as well as continuous (external) quality 

control are needed as well to provide accurate data and will prevent drawing false 

conclusions.  
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