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The University of Virginia Center for Research in Reproduction Ligand Core performed an evalu-
ation of nine commercial estradiol (E2) immunoassays for use with mouse serum. The evaluation
had two components. 1) Recovery Studies: a mouse pool was spiked with E2 concentrations across
the assay range, and percent recovery and parallelism to the assay standard curve were determined.
2) Correlation Studies: serum pools were collected from intact females, ovariectomized (OVX) and
OVX-E2 treated mice and E2 assayed, then measured by gas chromatography/tandem mass spec-
trometry (GC/MSMS) for comparison to a gold standard method. Recovery results showed that E2
recovery from spiked mouse pools varied greatly (from �18% to �640%) among kits tested.
However, three kits (DiaSorin Radioimmunoassay, Siemens Double Antibody RIA, and CalBiotech
Enzyme Immunoassay) showed reasonable recoveries and parallelism. Data collected from the
Correlation Study showed that values from intact, OVX and OVX-E2-treated mouse pools varied by
several fold vs. GC/MSMS for most of the kits tested. The DiaSorin RIA and CalBiotech Enzyme
Immunoassay Kits showed the best correlation to GC/MSMS. Unfortunately, while this evaluation
was ongoing, the DiaSorin Kit was discontinued. In summary, the CalBiotech Kit was the only
available assay tested that demonstrated good E2 parallelism to the assay standard curve and
accuracy vs. a gold standard method (i.e. GC/MSMS). Also of note, the CalBiotech assay is sensitive
and requires minimal sample volume. Therefore, based on these findings the CalBiotech E2 assay
has been implemented for use in mouse serum samples within the Ligand Core. (Endocrinology
152: 4443–4447, 2011)

The University of Virginia Center for Research in Re-
production, Ligand Assay and Analysis Core (web site:

http://www.medicine.virginia.edu/research/institutes-and-
programs/crr/labfacilities-page) performs reproductive
hormone assays for National Insstitute of Child Health
and Human Development Reproductive Science Branch-
supported investigators across the country. Various tests
offered by the Core are used for serum or plasma samples
from human, rat, mouse, and other mammalian species.
Serum/plasma matrix, defined as the profile of proteins
(including binding proteins), lipids, and other endoge-
nous compounds that circulate within any mammalian
species, can adversely influence the validity of an assay
for samples from other species (1). Therefore, it is the

policy of the Ligand Core to validate assays for each
species. For most cases, multispecies assays are limited to
steroids but also include some specific gonadal peptides
(e.g. activins, inhibins, anti-Mullerian hormone) (2, 3).

One of the higher volume tests that is performed by the
Ligand Core is mouse estradiol (E2). Since 2006, the method
used to measure E2 in mouse serum has been the Beckman
Coulter Coated-Tube (CT) RIA. In 2009, some investiga-
tors expressed concerns about the accuracy of the assay. In
response to these concerns, we reevaluated the kit and
found reduced performance for mouse serum.

This manuscript describes the evaluation of commer-
cial kits as potential replacement methods for mouse E2.
There are numerous commercial E2 kits, most of which are
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designed for human serum samples. The kits selected were
based on a literature search that showed that greater than
80% of all published reports between 2007 and 2009 that
presented serum E2 data in mice used one of the nine kits
examined for this study.

Materials and Methods

Commercial E2 kits examined
The following E2 kits were tested for this study: Beckman

Coulter CT RIA and Beckman Coulter Ultra-Sensitive RIA
(Beckman Coulter, Inc., Webster, TX); ALPCO Enzyme Immu-
noassay (EIA) (ALPCO Diagnostics, Salem, NH); BioVendor
EIA (BioVendor LLC, Candler, NC); CalBiotech EIA (Spring
Valley, CA); DiaSorin RIA (DiaSorin, Inc., Minneapolis, MN);
Siemens Double Antibody RIA and Siemens Coated-Tube RIA
(Siemens USA, Los Angeles, CA); IBL-CisBio RIA (CIS-Bio In-
ternational, Toronto, Ontario, Canada).

Recovery studies
A commercial mouse serum pool (catalog no. M5905; Sigma

Chemical Co., St. Louis, MO) was spiked with various E2 concen-
trations, and percent recovery and parallelism to the assay standard
curve were determined. For each assay, the serum pool was spiked
either with E2 across the assay range or vehicle (to determine en-
dogenous E2 levels in the pool). Samples were run in duplicate, and
each assay was repeated to confirm results. E2 recovery from each
spiked sample was determined by subtracting E2 values in vehicle-
spiked controls from E2-spiked samples. Data presented in Tables
1 and 2 are mean values from two separate assays.

Correlation studies
Serum pools were collected (kindly provided by Dr. Sue

Moenter, University of Michigan, Ann Arbor, MI) from ovary-
intact females, ovariectomized (OVX), and ovariectomized �
E2-treated mice (10–20 mouse serum samples per pool) and
were assayed in each kit, and then measured by gas chromato-
graph/tandem mass spectrometry (GC/MSMS; Taylor Tech,
Princeton, NJ) for comparison to a gold standard method (4).

Assay performance
Performance data for each commercial E2 kit were provided

by the manufacturer, as listed below.
Beckman Coulter CT RIA. Sensitivity: 9 pg/ml; precision:

2.4% (intraassay), 7.3% (interassay); specificity (cross-reactiv-

ity): estrone, 3.4%; estriol, 0.84% (other endogenous steroids
tested were undetectable).

Beckman Coulter Ultra-Sensitive RIA. Sensitivity: 2.5 pg/ml;
precision: 8.9% (intraassay), 12.2% (interassay); specificity: es-
trone, 2.4%; estriol, 0.64% (other endogenous steroids tested
were undetectable).

ALPCO EIA. Sensitivity: 3 pg/ml; precision: 6.4% (intraas-
say), 7.6% (interassay); specificity: estrone, 0.2%; estriol,
0.05% (other endogenous steroids tested were undetectable).

BioVendor EIA. Sensitivity: 10 pg/ml; precision: 7.7% (in-
traassay), 8.7% (interassay); specificity: estrone, 1.3%, estriol,
1.6%, progesterone, 0.1%, cortisol, 0.1%.

CalBiotech EIA. Functional sensitivity (see below): 3 pg/ml;
precision: 3.1% (intraassay), 9.9% (interassay); specificity: pro-
gesterone, 0.0002%, androstenedione, 0.0001%, testosterone,
0.0002%, cortisol, 0.0001% (other endogenous steroids tested
were �0.0001% or undetectable). Sensitivity and precision data
were collected by the Ligand Core as described below.

Functional sensitivity, defined as the lowest analyte concen-
tration that can be reliably measured [i.e. the lowest concentra-
tion with a coefficient of variation (%CV) �20%]. Quality con-
trols (QC) were serially diluted, and four replicates of each
dilution were run in a single assay. This procedure was repeated
on four separate days. Mean � SD and %CV calculated from all
data points for each diluted pool and functional sensitivity were
determined.

Intraassay Precision. Low, medium, and high QC were run
within a single assay (10 replicates per QC), and mean � SD and
%CV were calculated.

Interassay precision. QC (low, medium, and high) run in du-
plicate over time (five to six individual assays) and mean � SD and
%CV were calculated.

DiaSorin RIA. Sensitivity: 4 pg/ml; precision: 3.8% (intraas-
say), 5.1% (interassay); specificity: estrone, 0.63%; estriol,
0.65%; testosterone, 0.001% (other endogenous steroids tested
were �0.01%).

Siemens Double Antibody RIA. Sensitivity: 3 pg/ml; preci-
sion: 4.0% (intraassay), 4.6% (interassay); specificity: estrone,
12.5%; estriol, 0.24% (other endogenous steroids tested were
undetectable).

Siemens Coated-Tube RIA. Sensitivity: 8 pg/ml; precision:
5.3% (intraassay), 6.4% (interassay); specificity: estrone, 10%;
estriol, 0.32%; testosterone, 0.001%; dihydrotestosterone,
0.004% (other endogenous steroids tested were �0.001% or
undetectable).

IBL-CisBio RIA. Sensitivity: 9 pg/ml; precision: 5.4% (in-
traassay); 8.2% (interassay); specificity: estrone, 1.8%; estriol,

TABLE 1. E2 recovery from mouse pools spiked with various concentrations of E2 (Beckman Coulter CT Kit)

Original validation (2006) Repeat validation (2009)

E2 added
(pg/ml)

E2 recovered
(pg/ml) % Recovery

E2 added
(pg/ml)

E2 recovered
(pg/ml) % Recovery

500 481 96 500 460 92
250 228 91 250 210 84
125 135 108 125 110 88
63 71 112 63 48 76
32 37 115 32 19 59
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1.2%; testosterone, 0.0012%; androstenedione, 0.0011% (other
endogenous steroids tested were �0.001% or undetectable).

GC/MSMS. Sensitivity: 3.1 pg/ml; precision: 8.1% (intraas-
say; all sample pools for this study were run in a single assay).

Results

In 2006, the Ligand Core implemented the Beckman
Coulter CT E2 RIA for use in mouse serum samples after
validation studies that included a recovery and parallelism
evaluation (as described in Materials and Methods). How-
ever, in 2009, a few investigators informed us that they
were concerned about recent assay results showing values
in ovary-intact proestrous mice that were below the limit
of detection. In response, QC data were reviewed over the
previous 3 yr, with no systematic drifts or shifts in assay
performance observed. As a follow up, the Core repeated
the recovery/parallelism study. The results of the original
and repeat validation studies are presented in Table 1. For
the original study, E2 recovery was maintained within
15%ofexpectedvalues across theassay range. In contrast,
the repeat validation study showed a drop in recovery at
the lower end of the curve, resulting in a loss of parallelism
to the standard curve for mouse serum samples. In re-

sponse to the decrease in E2 recovery, the Core contacted
the Beckman Coulter Technical Service Department to ob-
tain possible explanations for the change in assay perfor-
mance. Unfortunately, the kit manufacturer’s technical
representatives were unable to provide an explanation or
resolution to the problem. Therefore, based on the up-
dated validation data, the assay was put on hold, and plans
were initiated to find a replacement method.

The Ligand Core ran recovery studies in eight kits, and
findings are presented in Table 2 (the repeat Beckman
CoulterCTRIAevaluationfromTable1 is includedforcom-
parison). Results show that E2 recovery from spiked mouse
poolsvariedgreatly (from�18%to�640%)amongthekits
tested. Only three kits (Siemens Double Antibody RIA, Cal-
Biotech EIA, and DiaSorin RIA) showed good parallelism to
the standard curve across the assay range.

Measured E2 concentrations in serum pools from ovary-
intact female, OVX, and OVX�E2-treated mice are pre-
sented in Table 3. The Siemens CT RIA was not included
in this Method Comparison Study, to conserve precious
sample pool volumes and because the kit did not demon-
strate good parallelism to the standard curve in the Re-
covery Study (Table 2). Results showed that values from
intact, OVX, and OVX�E2-treated mouse pools varied

TABLE 2. E2 recovery from mouse pools spiked with various concentrations of E2

Siemens double antibody Siemens CT RIA Beckman Coulter CT RIA

E2 added
(pg/ml)

E2 recovered
(pg/ml)

%
Recovery

E2 added
(pg/ml)

E2 recovered
(pg/ml)

%
Recovery

E2 added
(pg/ml)

E2 recovered
(pg/ml)

%
Recovery

200 193 97 700 1016 145 500 460 92
100 73 73 350 529 151 250 210 84
50 36 72 175 255 146 125 110 88
2 20 80 88 173 198 63 48 76

12.5 10 80 44 81 184 32 19 59

Beckman Coulter Ultra-Sensitive ALPCO EIA CalBiotech EIA

E2 added
(pg/ml)

E2 recovered
(pg/ml)

%
Recovery

E2 added
(pg/ml)

E2 recovered
(pg/ml)

%
Recovery

E2 added
(pg/ml)

E2 recovered
(pg/ml)

%
Recovery

100 33 33 100 57 57 150 262 175
50 12 24 50 20 40 75 128 170
25 10 40 25 10.4 42 38 63 167
12.5 6 48 12.5 3.7 30 19 32 171
6.3 6 95 6.3 �3 �48 9.5 16.3 172

IBL-CisBio RIA BioVendor DiaSorin RIA

E2 added
(pg/ml)

E2 recovered
(pg/ml)

%
Recovery

E2 added
(pg/ml)

E2 recovered
(pg/ml)

%
Recovery

E2 added
(pg/ml)

E2 recovered
(pg/ml)

%
Recovery

200 106 53 500 �3200 �640 200 287 143
100 28 28 250 1131 452 100 141 141
50 �9 �18 125 213 170 50 70 140
25 �9 * 63 125 198 25 34 136
12.5 �9 * 32 15 47 12.5 17 136
6.3 �9 * 6.3 8.2 130

*, Indeterminate.
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by several fold among the kits tested. Only three kits were
able to detect serum E2 in intact female mice (CalBiochem,
DiaSorin, and BioVendor). However, values from the Bio-
Vendor EIA were considerably higher than data collected
from other kits examined and did not correlate to samples
measured by GC/MSMS [correlation coefficient (r2) �
0.002]. DiaSorin RIA (r2 � 0.983) and CalBiotech EIA
(r2 � 0.969) showed the best correlation to GC/MSMS.

Discussion

The present study demonstrates that commercial E2 kit
performance can vary greatly for mouse serum, as far as
recovery and accuracy. Our results showed that two kits
(DiaSorin and CalBiotech) performed the best overall vs.
the other kits examined. Both kits correlated very well to
GC/MSMS, and E2-spiked mouse serum pools were par-
allel to each respective standard curve. Unfortunately,
while this evaluation was ongoing, the Core was notified
that the DiaSorin Kit was to be discontinued. Therefore,
based on the present findings the CalBiotech EIA was im-
plemented by the Ligand Core for measuring E2 in mouse
serum. Also of note, the CalBiotech assay is sensitive (limit
of detection � 3 pg/ml) and requires minimal sample vol-
ume (25 �l/well), which enhance the utility of the assay for
the mouse, where limited samples volume is a critical issue.

Although the DiaSorin and CalBiotech Kits performed
better than the other assays tested, recovery from spiked
samples was high (130–175%). It is likely that this ob-
servation reflects differences in serum matrix. Like most
commercial steroid kits, the Diasorin RIA is designed for
human samples and uses assay standards in human serum.
The CalBiotech EIA is advertised as a Rat/Mouse kit, but
also uses standards in human serum. Hormones (e.g. pro-
teins, steroids) are measured in various biological fluids

(e.g. serum, plasma, urine, cerebral spinal fluid, saliva,
etc.) using immunoassay methods. The matrix of biolog-
ical fluids plays an important role in assay performance
(5), and it is recognized that an immunoassay designed for
use in one biological fluid is not necessarily viable for
others (6). Of importance to the present study, serum ma-
trix can also play a significant role in assay validity for
different species (5). A change in serum matrix can affect
assay performance by altering antibody/antigen reac-
tion kinetics or affecting antibody/antigen binding af-
finity, resulting in interference (falsely low signal) or
cross-reactivity (falsely high signal) (1, 7, 8).

To varying degrees, the other kits tested for this study
showed significant drawbacks relating to insufficient sen-
sitivity to detect E2 in intact female mice, and/or poor
parallelism to the assay standard curve. One kit in partic-
ular, BioVendor EIA, performed the poorest as far as E2
recovery and correlation to GC/MSMS, with significantly
higher measured values.

In contrast to most of the kits tested, serum E2 was
detectable in OVX samples in the CalBiotech EIA (Table
3). Two of the most likely explanations for this observa-
tion are 1) antibody cross-reactivity with another steroid,
steroid metabolite, or serum compound; 2) serum matrix
effects, as discussed above. We cannot say for certain
which mechanism is responsible for the present observa-
tion. However, similar higher than expected values were
noted in response to spiking a mouse serum pool with E2,
which resulted in recoveries of 167–175% (Table 2) across
the assay range. For the present recovery studies, endog-
enous E2 values in the vehicle-treated serum pool were
subtracted from levels measured in all E2-spiked samples.
If the assay was detecting a cross-reacting endogenous
compound, that component would be constant across all
E2-spiked samples and subtracted from the final calcu-

TABLE 3. Mouse E2 assay: method comparison (pg/ml)

Group BV EIA IBL RIA BC-CT RIA ALPCO EIA S-DA RIA BC US RIA CB EIA DS RIA GC MSMS

Intact female 71.9 �9.0 �9.0 �3.0 �3.0 �2.5 13.7 7.8 4.0
49.8 �9.0 �9.0 �3.0 �3.0 �2.5 8.7 �4.0 �3.1
53.9 �9.0 �9.0 �3.0 �3.0 �2.5 8.3 5.9 �3.1

OVX 57.9 �9.0 �9.0 �3.0 �3.0 �2.5 6.7 �4.0 �3.1
39.5 �9.0 �9.0 �3.0 �3.0 �2.5 8.4 �4.0 �3.1
29.1 �9.0 �9.0 �3.0 �3.0 �2.5 4.3 �4.0 �3.1

OVX � E2 40.8 �9.0 �9.0 �3.0 �3.0 �2.5 9.9 7.0 8.9
36.3 �9.0 �9.0 6.4 12.0 9.5 26.2 25.6 42.8
56.1 14.1 34.3 19.8 62.5 40.3 73.2 75.5 99.6
41.5 �9.0 �9.0 �3.0 �3.0 5.2 11.1 9.4 12.1
72.4 �9.0 �9.0 �3.0 �3.0 �2.5 11.8 9.7 14.5

The assay results for each kit are presented in order of worst (left) to best (right) correlation to GC/MSMS.
BV EIA, BioVendor EIA; IBL RIA, IBL-CisBio RIA; BC CT RIA, Beckman Coulter Coated Tube RIA; ALPCO EIA, ALPCO Enzyme Immunoassay; S-DA
RIA, Siemens Double Antibody RIA; BC US RIA, Beckman Coulter Ultra-Sensitive RIA; CB EIA, CalBiotech EIA; DS RIA, DiaSorin RIA.
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lated E2 recovery value. Therefore, we believe that serum
matrix is the likely explanation for the detectable concen-
trations in OVX mice with the CalBiotech EIA.

The most significant limitation of the CalBiotech assay
and all other methods tested (including GC/MSMS) is the
inability to distinguish between values in ovary-intact vs.
OVX mice. Due to the large volume of serum required for
the method comparison study (Table 3), measuring E2 in
serum pools from proestrous mice was not feasible for this
evaluation. Each pool used for the method comparison
included serum from 10–20 animals. Although it is likely
that serum from proestrous animals were included in the
ovary-intact group, their contribution to measured E2 val-
ues were diminished due to sample dilution. However,
because serum E2 levels increase several fold on proestrus,
it is probable that the assay will distinguish between high
physiological and basal E2 levels in cyclic mice.

For most assays performed in the Ligand Core, we use
Bio-Rad Tri-Level QC (Bio-Rad Laboratories, Inc., Her-
cules, CA) because the material is well characterized and
can be purchased in large batches, which allow for the use
of the same lot of reagent for up to 2 yr. However, because
Bio-Rad QC are a human-derived product, a change in
critical kit reagents that might adversely affect the viability
of mouse serum in the assay could go unnoticed. Therefore,
with the implementation of the new assay, we now include
mouse serum-based QC, which allow for long-term moni-
toring of assay performance in a mouse serum matrix.

The accurate measurement of circulating E2 levels in
the mouse is critical to the research of many reproductive
investigators. Evidence from various studies suggests that
GC/MSMS is a gold standard method (9–11). However,
critical factors, including cost of instrumentation, techni-
cal expertise, sample volume required, and method sensi-
tivity, make its utility as a research assay not feasible for
mouse serum samples. To underline these points, the sam-
ple pools listed in Table 3 were sent to Taylor Tech for
GC/MSMS analysis, based on a published report showing
state of the art sensitivity and accuracy (4). However, to
achieve a level of detectability that is similar to the Cal-
biotech EIA (i.e. 3 pg/ml) required 200 �l of serum per
singletmeasurement (theCalBiotechEIAuses25 �l of serum
per singlet and is therefore 8 times more sensitive than the
present GC/MSMS system). Also, 200 �l of serum are diffi-
cult to obtain from mice (if serum is needed to measure other
tests), and the cost of using GC/MSMS is prohibitive ($225
per singlet determination). Thus, the use of immunoassay
technology to measure E2 in mice may not be state of the art,
but if the method is properly characterized, we are confident
that resulting data are scientifically valid.

In conclusion, based on these findings, the Ligand Core
has implemented the CalBiochem EIA for the measure-

ment of E2 in mouse serum. Also, the present study sup-
ports the concept that appropriate steroid assay validation
studies are required before implementation for different
species, and the use of species-specific QC are essential for
monitoringE2assayperformance.Finally, although theCal-
Biotech assay is an acceptable method for the present, the
development of enhanced sensitivity, highly specific, and
economical assays for mouse E2 are needed in the future.
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