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Abstract

To reduce the variability in estradiol (E2) testing and to assure better patient care, standardization 

of E2 measurements has been recommended. This study aims to assess the accuracy and 

variability of E2 measurements performed by 11 routine immunological methods and 6 mass 

spectrometry methods using single donor serum materials and to compare the results to a reference 

method. The contribution of calibration bias, specificity or matrix effects, and imprecision on the 

overall variability of individual assays was evaluated.

This study showed substantial variability in serum E2 measurements in samples from men and 

pre-and post-menopausal women. The mean bias across all samples, for each participant, ranged 

between −2.4% and 235%, with 3 participants having a mean bias of over 100%. The data suggest 

that calibration bias is the major contributor to the overall variability for nine assays.

The analytical performances of most assays measuring E2 concentrations do not meet current 

needs in research and patient care. Three out of 17 assays would meet performance criteria derived 

from biological variability of ±12.5% bias at concentrations ≥20 pg/mL, and a maximum 

allowable bias of ±2.5 pg/mL at concentrations <20 pg/mL. The sensitivity differs highly between 

assays. Most assays are not able to measure E2 levels below 10 pg/mL. Standardization, 

specifically calibration to a common standard by using panels of individual patient samples, can 

reduce the observed variability and improve the utility of E2 levels in clinical settings.
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1. Introduction

Measurement of estradiol (E2) in serum provides important information for patient care, 

research and public health. In patient care, it is currently used for the differential diagnosis 
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of amenorrhea, for the assessment of fertility and to monitor follicle stimulation therapy. 

Further, E2 measurements provide information about response of patients to treatments such 

as those using aromatase inhibitors or gonadotropin-releasing hormone agonists to treat 

certain cancers, and those using steroid hormones as part of hormone replacement therapy.

Research studies suggest E2 levels are promising biomarkers for assessing breast cancer risk 

in postmenopausal women. Epidemiological studies found that the relative risk for breast 

cancer in postmenopausal women with high E2 levels ranges from 1.5 to 3.0 [1–5]. Other 

research reported associations of serum E2 levels with chronic diseases such as 

cardiovascular disease [6,7], cognitive function [8], and fracture risk [9]. The use of estradiol 

as a drug, as well as the association of the effects of estradiol levels in blood on human 

health, is subject to extensive research [10].

Many of these current and emerging applications require accurate and reliable measurements 

of E2 at low concentrations typically observed in postmenopausal women, men and children. 

E2 in serum is commonly measured by enzyme-based immunoassays without prior isolation 

from serum (‘direct assays’) [11]. More recently, analytical methods using liquid 

chromatography coupled with tandem mass spectrometry (HPLC/MS/MS) are increasingly 

used for measuring E2 in patient care and research [12].

While estradiol measurements are widely used, high inaccuracy and variability in estradiol 

measurements, especially at low serum E2 concentrations has been reported [19,20,21,22]. 

As one consequence, formulation of common clinical decision levels (i.e., identifying 

women at increased risk for breast cancer or men for osteoporotic fractures) cannot be 

formulated. The Endocrine Society in its clinical practice guideline on osteoporosis in men 

points out that low estradiol levels are associated with increased fracture risk and accelerated 

bone loss in older men. However, it does not recommend measurement of estradiol because 

of the lack of easily available, accurate assays [13]. The importance of estradiol testing in 

research and patient care, as well as the need for reliable and accurate estradiol 

measurements, are emphasized in a recent Endocrine Society Position Statement [14].

To reduce the variability in E2 testing and to assure better patient care, standardization of E2 

measurements was recommended [14,19,20]. The CDC is addressing this need in its 

Hormone Standardization Program. This work is performed in collaboration with the 

Partnership for Accurate Testing of Hormones (PATH). As a first step towards 

standardization, this study aims to assess the accuracy and variability of estradiol 

measurements performed by routine immunological methods and mass spectrometry 

methods using single donor serum materials and an established reference method for 

comparisons.

2. Materials and methods

A panel of commercially prepared and deidentified single donor sera from 40 healthy donors 

(15 men, age: 26–77 years, E2 concentration range: 11.9–30.8 pg/mL, and 25 women age: 

21–76 years, E2 concentration range: 2.5–285 pg/mL) was obtained from Solomon Research 

Park (Seattle, WA). The collection protocol for approved by the local IRB board and 

Vesper et al. Page 2

Steroids. Author manuscript; available in PMC 2017 November 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



documentation was reviewed and approved by the CDC Human Subjects coordinator. The 

sera were processed according to the Clinical and Laboratory Standards Institute (CLSI) 

protocol C37A [15] to assure a similar quality as regular patient samples.

Target values were assigned using an isotope dilution gas chromatography/mass 

spectrometry reference measurement procedure (RMP) and were verified with an 

HPLC/MS/MS candidate reference measurement procedure [16,17]. The expanded 

uncertainty of the RMP was 2.6% and 5.3% for concentrations ≥5 and <5 pg/mL, 

respectively. Seventeen participants (11 immunoassays and 6 mass spectrometry-based 

assays) contributed to this study. Of the eleven immunoassays, nine were performed by the 

assay manufacturers and two by clinical laboratories (Table 1). Participants were asked to 

analyze each sample in duplicate on three days. A run order was provided which required 

participants to run samples in a forward then reverse order. Each participant was instructed 

to follow their own quality assurance procedures.

For each sample, the overall variability of individual results reported by all participants was 

expressed by the coefficient of variation (CV), by the ratio between the highest and lowest 

result, and by using Box-and-Whisker plots. After removing outliers following the CLSI 

protocol EP9A2 [18], regression parameters were estimated from measurement results 

obtained by the assay and RMP using a weight of the inverse of variance of assay results 

(1/varAssay Result). Four assays (Assays 2, 7, 8, 11) required a quadratic fit while for all other 

assays a linear fit model was used. Bias plot analysis was performed using Analyze-it 

software (Analyse-it Software, Ltd., Leeds, UK, version 2.26). Measurement bias against the 

reference target values were assessed using bias plots and box-whisker plots.

Assay imprecision, expressed as the percent coefficient of variation (CV), was calculated for 

each sample using both the individual measurements reported on all days (overall 

imprecision, CVA) and the mean from daily measurements (between-day variability).

We developed a model to estimate the contributions of calibration bias, imprecision and 

other factors such as specificity and specimen matrix effects (further described as ‘sample 

effects’) on the overall variability of an assay. We first used weighted regression analysis 

(weight = 1/varAssay Result) to model the relationship between the results reported for each 

sample and the reference values assigned by the RMP. We then calculated the weighted sums 

of squares of the various sources of error: calibration bias, specimen effect, and imprecision. 

We defined the calibration bias as the difference between predicted values and their 

corresponding target values. The specimen effect was defined as the difference between the 

sample means and their predicted values obtained from the regression equation. The 

imprecision was defined as the difference between the individual values and their means. 

The overall variability comprises the sum of these 3 weighted sums of squares (for formulas 

and further descriptions see the Supplemental file).

3. Results

When comparing the reference values of the individual donor samples with the reportable 

range of the individual assays, only four assays had a reportable range (approximately 2–
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5000 pg/mL; Table 1) that covered the target concentration (approximately 2.5–285 pg/mL; 

Supplemental Table 1) of all the samples used in this study. Although the reference values 

for a number of samples were outside the reportable range of some assays, values inside the 

reportable range were reported for these samples overestimating the actual E2 

concentrations in these samples (Table 2). All assays reported results on samples with target 

values greater than 30 pg/mL.

The variability in individual results reported on a single sample by all assays, expressed as 

the ratio between the highest and lowest results, was on average 6 (range: 4–13, Fig. 1). At 

concentrations greater than 30 pg/mL, the highest and lowest values differed on average by a 

factor of 5. The CV for individual reported results on each sample, across laboratories was 

on average 50% (range: 36–83%). The overall variability among assays did not change 

notably when using only the first replicate from each day (n = 51) or only the first 

measurement reported by each participant (n = 17). When removing three immunoassays 

(8,9,10) that had a mean measurement bias of over 100%, results differed on average by a 

factor of 3 (range: 2–6), and the average overall CV was 24% (range: 11–58%). The median 

interquartile range of individual reported results among immunoassays was about 5 times 

higher than among mass spectrometry assays. When excluding the three immunoassays with 

extremely high mean biases, the interquartile range was for most samples twice as high for 

immunoassays than for mass spectrometry-based assays (median interquartile ranges: 3.6 

pg/mL for mass spectrometry-based assays and 7.25 pg/mL for immunoassays).

Comparing the reported results against the reference values using weighted regression 

analysis, four methods showed a non-linear relationship to the RMP. The linear slopes 

ranged between 0.61 and 2.23 (Table 2, Supplemental Fig. 2). The mean bias across all 

samples for each participant ranged between −2.4% and 235% with 3 participants having a 

mean bias of over 100% (Fig. 2). The mean bias of the mass spectrometry assays ranged 

between −2.4% and 22.5% and for immunoassays from 2.6% to 235% (2.6–37.5%, 

excluding the 3 assays with more than 100% mean bias). All assays showed an increase in 

bias with decreasing E2 concentration. This increase is more pronounced with 

immunoassays than mass spectrometry assays (Fig. 3).

The median imprecision was less than 10% CV for most assays. The imprecision on 

individual samples, however, was as high as 75% CV (Table 2). Moreover, the imprecision 

does slightly increase with decreasing E2 concentration and is similar for immunoassays and 

mass spectrometry assays (Supplementary Fig. 1).

The overall assay variability, calculated as the sum of the weighted sums of squares of the 

various sources of error (i.e., calibration bias, specimen effect, and imprecision) relative to 

the ideal line obtained using weighted regression analysis, was high (over 100) for 7 assays 

(Table 3). It was lowest for most mass spectrometry assays. The major contributor to the 

overall variability was calibration bias for nine assays; sample effects for five assays; and 

imprecision for three assays. For two mass spectrometry-based assays and three 

immunoassays, specimen effects are the major contributors to the overall variability.
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4. Discussion

This study aimed at assessing the variability of E2 measurements performed in research and 

patient care. The between-assay variability, expressed as the ratio between the highest and 

lowest reported result and as the bias distribution for individual samples, is substantial 

especially at concentrations typically observed in postmenopausal women and men. It is 

similar in magnitude to those described in earlier studies [19–22], suggesting that no 

substantial improvements in variability occurred over the past years.

An European Menopause and Andropause Society (EMAS) position statement recommends 

confirming diagnosis of premature ovarian failure with E2 levels below 50 pmol/L (14 

pg/mL) along with other parameters [23]. In this study, one sample with a target value of 

14.1 pg/mL (Supplemental Table 1), had values reported between 9.4 and 64.8 pg/mL with 

many assays overestimating the actual E2 concentration. Furthermore, reference ranges for 

E2 in men were suggested with the lower level of normal to be 28 pmol/L (7.6 pg/mL) [24]. 

One sample with a target value of 7.21 pg/mL had values reported ranging between 5 and 

38.5 pg/mL. The between-assay variability determined in this study does not allow for a 

consistent diagnosis of premature ovarian failure, as suggested by EMAS, nor does it allow 

for the reliable detection of abnormal estradiol levels in men.

One source for the high between-assay variability, especially at low E2 concentrations, 

appears to be lack of specificity. All assays show an increase in measurement bias with 

decreasing E2 target concentrations, suggesting that compounds other than E2 contribute to 

the measurement result. Furthermore, several assays report E2 values within the assay's 

reportable range for certain samples even though the actual target values are below the 

reportable range (Table 2). These observations are less pronounced with mass spectrometry-

based assays than with immunoassays, suggesting that mass spectrometry-based assays in 

general have a greater specificity than immunoassays.

The sensitivity of the investigated assays differs highly among assays. The reportable range 

for most assays does not reach below 10 pg/mL and those assays reaching below 10 pg/mL, 

show a high positive measurement bias at these low E2 concentrations. E2 levels in patients 

responding to aromatase inhibitor therapy typically have E2 levels below 10 pg/mL [25]. 

Thus, most assays would not be sufficiently sensitive to monitor patients on aromatase 

inhibitor therapy or may falsely indicate that the goal of such a therapy has not been 

reached, leading to an inappropriate change in therapy. These findings support similar 

observations [26].

Our new model estimates the contribution of different sources of variability to the overall 

variability of an assay. It estimates the contribution of calibration bias, sample specific 

effects and assay impression. Results obtained with this model suggest that for the 

investigated E2 concentration range (2.5–285 pg/ml), calibration bias is the major 

contributor to the overall variability for most assays. This source of variability can be 

minimized through appropriate calibration to a higher metrological reference and 

verification of measurement accuracy.
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We identified eight assays where recalibration may not lead to significant improvements in 

assay performance. For these assays, standardization efforts need to also focus on 

minimizing sources for assay imprecision and sample-related effects such as specificity. Our 

findings suggest that problems in assay specificity affect all assays independent of the assay 

technology. The presence and impact of interfering compounds on E2 measurements can 

vary among patients. Therefore, improvements in variability due to interfering compounds 

can be achieved most efficiently by using multiple single-donor patient samples for 

calibration verification. Such samples are provided and used in the CDC Hormone 

Standardization Program [27].

To assure measurement accuracy and precision meet current needs in patient care and 

research, common analytical performance goals for allowable bias and imprecision are 

needed. Analytical performance criteria derived from data on biological variability were 

calculated to be ±12.5% for minimal desirable bias [28,29]. However, these performance 

criteria were derived from premenopausal women and did not include data from 

postmenopausal women.

Epidemiologic studies in postmenopausal women investigate health effects and disease risks 

by comparing women with E2 levels in the higher to those in the lower percentile ranges. To 

appropriately categorize women's E2 concentrations, the bias across assays should be low 

enough to consistently distinguish E2 levels in the higher and lower quartiles, i.e., to identify 

women potentially at increased risk for breast cancer. Using data from 9 studies on 

postmenopausal women [1,31], the median width of quartiles was 2.5 pg/mL (95% CI- 2.2–

3.4 pg/mL) (Supplemental Table 2). Thus, to reliably distinguish between highest and lowest 

quartiles across assays, a maximum allowable bias of 2.5 pg/mL would be desirable. At a 

concentration of 20 pg/mL, an allowable bias of 2.5 pg/mL corresponds to a 12.5 % bias. 

Therefore, the maximum allowable bias would be ±2.5 pg/mL at concentrations ≤20 pg/mL 

and ±12.5% at concentrations >20 pg/mL. Using different performance criteria at high and 

low E2 concentrations was proposed earlier by an expert group [30]. However, these criteria 

did not consider clinical use of E2 measurements in either postmenopausal women or 

women on aromatase inhibitor therapy.

The bias criteria derived with this proposed approach reflects the allowable bias for an 

individual patient measurement that is comprised of calibration bias and bias due to non-

specificity or matrix-effects. Therefore, the accuracy across a number of individual patient 

samples needs to be assessed to determine whether an assay is sufficiently accurate. Criteria 

commonly used in proficiency testing/external quality assurance programs require 

participants to meet the target for 80% of the reported results. Three participants (Assay 14, 

15, 16- Supplemental Table 3) would meet these proposed bias criteria for 80% of the 

reported results.

This study focused on E2 measurements at low concentrations typically observed in men, 

pre- and post-menopausal women, because of the clinical importance of E2 measurements in 

these populations; e.g., cancer risk assessments, cancer treatments, and clinical diagnosis. 

Further studies are needed to assess the measurement performance at high concentrations 

typically needed in assisted reproductive medicine.
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In summary, this study showed substantial and clinically relevant variability in serum E2 

measurements in samples from men, and pre- and post-menopausal women. Most assays do 

not have the analytical sensitivity and specificity to reliably measure E2 levels in men and in 

postmenopausal women, especially to monitor specific cancer therapies. Thus, the analytical 

performances of most E2 assays do not meet current needs in research and patient care. The 

CDC Hormone Standardization Program intends to improve E2 measurements across assays 

by providing panels of individual donor sera to participants for accuracy assessment, 

calibration, and to help resolve bias related to specificity and sample matrix.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Box-and-Whisker plot of distribution of individual results by sample and assay technology 

(Panel A: Immunoassays, Panel B: Mass spectrometry assays).
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Fig. 2. 
Mean percent bias (95% CI) of each participating laboratory.
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Fig. 3. 
Bias distribution of individual results by sample and assay technology (Panel A: 

Immunoassays, Panel B: Mass spectrometry assays).
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Table 3

Overall assay variability and proportions due to calibration bias, specificity/matrix effects, and imprecision.

Lab ID Overall variabilitya Proportion of calibration bias 
(%)b

Proportion of non-specificity/
matrix effects (%)b

Proportion of imprecision 
(%)b

1 308 45 50 6

2 60 73 21 6

3 49 14 75 11

4 95 20 63 17

5 33 33 47 20

6 119 86 11 3

7 154 35 17 49

8 333 74 8 18

9 2903 93 5 2

10 3316 91 4 4

11 68 71 20 9

12 23 25 40 35

13 12 47 23 30

14 5 34 23 43

15 18 73 8 19

16 9 80 12 8

17 118 36 16 48

a
Sum of the weighted sums of squares of the various sources of error (calibrationbias, specificity/matrix effects, and imprecision), after using a 

weighted regression (weight = 1/varAssay Result) to model the relationship between the results reported for each sample and the reference values 

assigned by the RMP.

b
Proportion of individual factor on the overall variability.
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