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Abstract

Long-term studies investigating hormone-dependent cancers and reproductive health often
require prolonged frozen storage of serum which assumes that the steroid molecules and
measurements are stable over that time. Previous studies of reproducibility of circulating
steroids have relied upon flawed historical rather than contemporaneous controls. We
measured serum testosterone (T), dihydrotestosterone (DHT), estradiol (E2) and estrone (E1) in
150 randomly selected serum samples by liquid chromatography-mass spectrometry (LC-MS)
from men 70 years or older (mean age 77 years) in the CHAMP study. The original
measurements in 2009 were repeated 10 years later using the identical serum aliquot (having
undergone 2-4 freeze-thaw cycles in the interim) in 2019 together with another never-thawed
aliquot of the same serum sample. The results of all three sets of measurements were
evaluated by Passing-Bablok regression and Bland-Altman difference analysis. Serum androgens
(T, DHT) and estrogens (E2, E1) measured by LC-MS display excellent reproducibility when
stored for 10 years at -80 C without thawing. Serum T and DHT displayed high level of
reproducibility across all three sets of measurements. Multiple freeze-thaw cycles over those
storage conditions do not significantly affect serum T, DHT and E1 concentrations but produce a

modest increase (21%) in serum E2 measurements.

Highlights

e Reproducibility of steroid measurement in long-term frozen storage is crucial for long-term
epidemiological research studies

e Using liquid chromatography mass spectrometry serum testosterone, dihydrotestosterone
estradiol and estrone were highly reproducible after 10 years unthawed frozen storage as well

as after multiple freeze-thaw cycles, apart from small increases in serum estradiol
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Introduction

Measuring circulating steroids has pivotal importance to clinical and epidemiological research in
hormone-dependent cancers and reproductive health. This requires long-term frozen storage of
serum (or plasma) samples and analysis that assumes the stability of those analytes and
measurements. The ideal test of stability of steroid measurements is to measure the same
serum sample before and then at various times afterwards in prolonged frozen storage using
the same measurement method; however, that is a challenging objective to conduct
prospectively requiring safe storage and consistent measurement methodology that may
change over time. Consequently, previous studies investigating the stability of steroids in long-
term frozen storage have relied upon suboptimal design. Rather than using contemporaneous
controls, they have relied on surrogate, historical controls such as samples obtained at different
times from other participants in the cohort (1-6) or reference ranges from comparable studies
in other centres and laboratories (7). Most studies have focused on female samples (2-4, 6, 7)
and used steroid immunoassays which are subject to non-specificity from structurally related
cross-reacting precursors and/or metabolites as well as matrix effects in non-extraction direct
assays (1-4, 6, 7). Only two studies investigated male sample (1, 5) with only one using liquid
chromatography-mass spectrometry (LC-MS) methods (5). In this study we aimed to repeat
serum steroid measurements by the same LC-MS method using different aliquots of the same
serum samples kept in frozen storage at -80 C for 10 years. We measured serum androgens,
testosterone (T) and dihydrotestosterone (DHT), and estrogens, estradiol (E2) and estrone (E1),
in the same, multi-thawed aliquot together with a never-thawed aliquot of the original serum

sample.

Materials and Methods

Samples

CHAMP is a longitudinal epidemiological cohort study of the health outcomes of 1705
community-dwelling men 70 years and older (8). Serum samples (n=150) from the baseline

CHAMP survey were drawn randomly from aliquots stored at -80 C in freezers subject to
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continuously monitored by an automated building monitoring system without any freezer
failure for over 10 years. The serum samples were originally obtained with ethical approval
from the CHAMP study from 2008-9 and first analysed in 2009. The same aliquots used in 2009
(which in the interim underwent between 2-4 freeze-thaw cycles) were re-measured in March
2019. Finally, a fresh never-thawed aliquot of the same serum sample measured on the

previous two runs (2009, March 2019) was then re-measured in June 2019.

Serum steroid measurement

Serum T, DHT, E2 and E1 were measured in a single run using a non-derivatization LC-MS
method described and validated in detail elsewhere (9). Minor changes between the methods
used in 2009 and 2019 comprised a change in the liquid-liquid extraction method (hexane/ethyl
acetate to methyl tert-butyl ether) and introduction of ultra-pressure replacing high pressure
liquid chromatography with corresponding smaller injection volume. These changes were
validated according to FDA criteria (10) as reported previously (see supplementary methods in
(11)) to provide the same results. Overlapping multi-level quality control samples over the years

confirm no drift in these analytes over the years of storage (12).
Data analysis

Comparisons between measurements for the same serum sample at the three different times
were analysed pairwise by Passing-Bablok regression and Bland-Altman difference analysis
using NCSS (NCSS 2019, Kaysville, Utah, USA) and MedCalc (version 19.0.3, Ostend, Belgium)
software. The non-parametric Passing-Bablok regression provided a slope and intercept with
95% confidence limits and a Spearman rank correlation coefficient (NCSS). Perpendicular
residual standard deviation around the regression (MedCalc) were scaled by the global mean
for the analyte to facilitate dimensionless comparison of variability between analytes and

samples. The Bland-Altman plot provides a mean difference and its 95% confidence limits.
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Results

Descriptive statistics of the three sets of measurements of aliquots of the same serum samples
is provided in table 1. The reproducibility of individual serum samples measured on three
occasions is shown in figures 1 (T), figure 2 (DHT), figure 3 (E2) and figure 4 (E1). The metrics

from the Passing-Bablok regression and Bland-Altman difference analysis are listed in table 2.

The reproducibility of the androgens, T and DHT, were excellent with minimal, non-significant
differences in the descriptive statistics and with high rank correlation. In the regression
analyses the slopes did not deviate significantly from 1.0. A single regression intercept for DHT
with a borderline (p=0.05) significant deviation from the expected value of O (table 2) is likely
attributable to multiple comparisons. The latter is unlikely to be of importance as among the 30
statistical comparisons for androgens in table 2, one significant difference does not exceed the
expectation of a chance finding arising from the multiple comparisons based on the

conventional p<0.05 level of significance.

The reproducibility of estrogens was less satisfactory although not very evident in the between-
person descriptive statistics (table 1) which showed that the multi-thawed aliquots displayed a
21% higher serum E2 and 1.4% lower serum E1 compared with the never-thawed aliquots
before or after 10 year frozen storage at -80 C. Congruently in the regression analysis, serum E2
showed significantly higher concentrations in the multi-thawed aliquots compared with both
the 2009 and 2019 never-thawed aliquots of the same serum samples whereas the
never=thawed samples showed high reproducibility. For E1, the pattern was similar to that for

serum E2 but the deviations of the multi-thawed aliquot were less marked.
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Discussion

The present findings indicate that LC-MS measurement of bioactive androgens and estrogens
are stable and reproducible for a period of at least 10 years in frozen storage at -80 C without
thawing. These findings are as well controlled as it is feasible over prolonged periods. Crucially
we used different aliquots of the same serum samples, including the same aliquot measured in
2009 after 2-4 freeze-thaw cycles as well as another never-thawed aliquot, measured at an
interval of 10 years in the same laboratory using the same LC-MS method. The slight differences
in LC-MS method between 2009 and 2019 representing contemporary technological
improvements was rigorously validated to demonstrate that, within experimental error, similar
results were produced without any long-term drift. This approach provides better control for
the original measurements than previously used historical controls drawn at different times

from within the same cohort or from external studies in other centres.

A strength of this study is the use of contemporaneous controls by measuring sex steroids in
aliquots of the same serum samples stored over a 10-year interval rather than relying on
historical controls. The reliance on historical controls can be misleading. For example, one study
reporting that serum T measured by LC-MS may have increased over prolonged storage (22
years) in different cohorts of Norwegian men (5). This interpretation assumes that the different
cohorts recruited over the 22 years of the study were essentially identical. However, this
interpretation is confounded by the population trends in Western countries of decreasing
serum T reported in Scandinavia (13) and the USA (14) over those years. Hence, the downward
trend in serum T in that Norwegian study over the period of the study probably reflects
biological changes in the population sampled rather than in analytical variability of frozen

stored samples.

The unexpected finding was that E2 and, to a lesser extent, E1 showed some deviations
attributable to the multi-thawing of samples over prolonged frozen storage. These effects were
relatively subtle and resulted surprisingly in small but systematic increases in serum E2. This
difference was hard to discern in the cross-sectional statistics of between-person descriptive

statistics such as relied upon by previous studies using historical controls. The reasons for the
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deviations in estradiol in the multi-thawed aliquots are not known although the relative RSD
(table 2) shows that even for the other three steroids, the perpendicular scatter of data around
regressions between unthawed samples were somewhat tighter than those involving thawed
aliguots. Previous studies of the impact of repeated freeze-thaw cycles on circulating steroids
mostly show minimal effects over multiple freeze-thaw cycles but only using steroid
immunoassays and over frozen storage for up to 3 months (15-17). In these studies, serum T in
the female range was stable over 10 freeze-thaw cycles (17), serum T, DHT and E2 were stable
over 12 freeze-thaw cycles (15) and serum T and DHT in a pool of male or of female sera were
stable over 3 freeze-thaw cycles (16). Hence it is not clear why the circulating estrogens are
modified by freeze-thaw cycles during long-term storage. Nevertheless a chemical interaction
between frozen-thawed steroids and the matrix over prolonged frozen storage is possible. For
example, the impact of freeze-thaw cycles was congruent with the presence of 2 (E2), 1 (E1)
and no (T, DHT) hydroxyl groups in the steroid; however, we did not measure estriol (E3) in the
male samples which, if present, would have arisen by this mechanism. So, whether non-
enzymatic hydroxylation or alternatively deconjugation of sulphated or glucuronide conjugates
provide a chemical basis for the changes remains speculative. Another possibility of in vitro
conversion of other steroids to E2, achieved in Nature solely by a single, highly conserved
enzyme aromatase (18), seems remote due to the complex chemical nature of aromatisation.
The clinical significance of such measurement artefacts will depend on the nature of the study

but could tend to nullify genuine estrogen effects.

This study provides both reassurance and caution for long-term clinical studies of reproductive
health and hormone-dependent cancer. On the one hand the stability of androgens over at
least a decade, and presumably indefinitely if the samples are stored without thawing, is
reassuring for the validity of androgen measurement over long-term sample frozen storage.
The changes in estrogens are modest in magnitude and tend to produce a small increase in
serum E2 measurements while mostly preserving their between-person rank order of the
results. If an internal correction is required, the results for any measured steroid including
those not included in this reproducibility study, could be compared with those for serum T as a

benchmark for stability.
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Table 1 — Descriptive statistics of steroid measurement of three sets of aliquots of the same
serum samples stored frozen at -80 C for 10 years

N | Mean | SE Lo Q1 Q2 Q3 Hi

Testosterone (ng/ml)

2009 (never thawed) 150 | 4.11 0.16 0.01 3.13 4.11 5.20 11.3

3/2019 (multi-thawed) 150 | 4.17 0.17 0.01 3.09 4.16 5.38 121

6/2019 (never thawed) | 150 | 4.22 0.16 0.03 3.19 4.14 5.30 10.8

DHT (ng/ml)

2009 (never thawed) 135 | 0.39 0.02 0.11 0.24 0.35 0.49 1.05

3/2019 (multi-thawed) 140 | 041 0.02 0.05 0.27 0.37 0.52 1.27

6/2019 (never thawed) | 147 | 0.36 0.02 0.05 0.22 0.33 0.47 1.19

Estradiol (pg/ml)

2009 (never thawed) 140 | 24.0 0.68 5.1 18.0 23.2 29.3 50

3/2019 (multi-thawed) 142 | 29.1 1.17 6.0 18.8 29.0 37.0 87

6/2019 (never thawed) | 144 | 23.8 0.73 5.0 18.0 23.0 30.1 51
Estrone (pg/ml)

2009 (never thawed) 149 | 37.9 1.24 7.0 28.1 36.8 455 95

3/2019 (multi-thawed) 150 | 36.2 1.20 4.7 26.5 34.1 44.8 84

6/2019 (never thawed) | 150 | 37.5 1.27 4.0 27.7 36.0 46.3 93

Lo refers to the minimum and Hi to the maximum concentrations. Q1, Q2 (median) and Q3
refer to quartiles of the distribution. 2009 refers to the original never-thawed serum aliquot
measured in 2009, 3/19 refers to the multi-thawed aliquot of the same serum sample
measured in March 2019 and 6/19 refers to the never-thawed aliquot of the same serum
sample measured in 2019. Numbers less than 150 reflect samples with undetectable
concentrations for that analyte except for one extreme outlier in serum E2 aliquot which was
excluded from analysis as its asymmetrical peak shape indicated an unknown interference in
the measurement.



Table 2 — Method Comparison Statistics from Passing-Bablok Regression and Bland-Altman
Difference Analysis

Slope Intercept R RSD Mean difference
Testosterone
Original vs 3/19 1.02 [1.00,1.05] -0.13 [-0.10,0.05] 0.98 0.30[0.07] -0.06 [-0.90, 0.78]
Original vs 6/19 1.02 [1.00,1.04] 0.02 [-0.04,0.10] 0.99 0.18 [0.04] -0.11 [-0.66, 0.38]
3/19vs 6/19 1.00[0.96,1.03] 0.16 [-0.03,0.17] 0.97 0.330.08] -0.06 [-0.98, 0.87]
DHT
Original vs 3/19 | 0.98[0.90,1.07] 0.05 [0.02,0.08] 0.89 | 0.065[0.16] | 0.04[-0.14,0.22]
Original vs 6/19 | 1.03[0.97,1.09] 0.00[-0.03,0.18] | 0.93 | 0.056[0.14] | 0.00[-0.15, 0.15]
3/19 vs 6/19 1.02[0.92,1.18] | -0.04[-0.08,0.00] | 0.85 | 0.081[0.20] | -0.04[-0.26,0.19]
Estradiol
Original vs 3/19 1.57 [1.39,1.85] -10.3 [-16.2,-6.35] | 0.69 5.56 [0.21] -4.93 [-23.8, 13.9]
Original vs 6/19 1.06 [1.00,1.14] -1.53 [-3.24,-0.25] | 0.94 2.11[0.09] -0.12 [-6.0, 5.8]
3/19vs 6/19 0.65 [0.55,0.75] 6.11 [3.50,8.46] 0.69 5.85[0.22] 5.15 [-14.5, 24.8]
Estrone
Original vs 3/19 0.94 [0.89,0.99] 0.52 [-1.54,2.48] 0.93 3.94[0.11] -1.51[-12.4,9.43]
Original vs 6/19 1.00[0.96,1.05] -0.60 [-1.62,0.94] 0.97 2.64 [0.02] -0.14 [-7.42, 7.14]
3/19vs 6/19 1.07 [1.00, 1.15] -1.45[-4.16,1.20] 0.92 4.24[0.11] 1.36{-10.5, 13.2]

Original refers to the never-thawed serum aliquot originally measured in 2009, 3/19 refers to
the multi-thawed aliquot of the same serum sample measured in March 2019 and 6/19 refers
to the never-thawed aliquot of the same serum sample measured in 2019.

Statistically significant differences at 95% confidence level are indicated by bold highlighting.
Slope and intercept with their 95% confidence limits in brackets are from the Passing-Bablok
regression (NCSS). R is the Spearman rank correlation coefficient. RSD is standard deviation of
the perpendicular residuals from the regression line of best fit (from MedCalc Passing-Bablok
regression) NS is followed by a scaled RSD in brackets which is the RSD divided by the grand
mean of the analytes to allow a dimensionless comparison for each analyte of the
(perpendicular) scatter of deviations around the the regression line.




Figure legends

Figure 1 — Plot of serum testosterone measurements of three sets of aliquots of the same
serum samples measured stored with or without thawing and frozen at -80 C for up to 10

years

Individual data scatter plots (filled circles) for measurements of serum testosterone the same
150 serum samples are shown in three columns. The left columns compare the original
measurements in 2009 (x axis) with that of multi-thawed samples (y axis). The middle columns
compare the original measurements in 2009 with a never thawed aliquot. The right columns
compare the measurement of the multi-thawed samples (x axis) with that of the never thawed
samples (y axis). The upper row shows the Passing-Bablok regression with the regression in a
solid line and the line of identity as a dashed line. The lower row shows the Bland-Altman
difference plots with the mean difference in a solid line, the line of identity as a dashed line and
the 95% confidence limits of the difference in the shaded region. For further quantitative

details of the analysis of the plots see table 1.

Figure 2 — Plot of serum dihydrotestosterone measurements of three sets of aliquots of the
same serum samples measured stored with or without thawing and frozen at -80 C for up to

10 years

Individual data scatter plots (filled circles) and linear regression (solid line with line of identity in
dashed line) for measurements of serum DHT the same 150 serum samples are shown in three
columns. The left columns compare the original measurements in 2009 (x axis) with that of
multi-thawed samples (y axis). The middle columns compare the original measurements in 2009
with a never thawed aliquot. The right columns compare the measurement of the multi-thawed
samples (x axis) with that of the never thawed samples (y axis). The upper row shows the
Passing-Bablok regression with the regression in a solid line and the line of identity as a dashed
line. The lower row shows the Bland-Altman difference plots with the mean difference in a solid
line, the line of identity as a dashed line and the 95% confidence limits of the difference in the

shaded region. For further quantitative details of the analysis of the plots see table 1.



Figure 3 — Plot of serum estradiol measurements of three sets of aliquots of the same serum

samples measured stored with or without thawing and frozen at -80 C for up to 10 years

Individual data scatter plots (filled circles) and linear regression (solid line with line of identity in
dashed line) for measurements of serum estradiol the same 150 serum samples are shown in
three columns. The left columns compare the original measurements in 2009 (x axis) with that
of multi-thawed samples (y axis). The middle columns compare the original measurements in
2009 with a never thawed aliquot. The right columns compare the measurement of the multi-
thawed samples (x axis) with that of the never thawed samples (y axis). The upper row shows
the Passing-Bablok regression with the regression in a solid line and the line of identity as a
dashed line. The lower row shows the Bland-Altman difference plots with the mean difference
in a solid line, the line of identity as a dashed line and the 95% confidence limits of the
difference in the shaded region. For further quantitative details of the analysis of the plots see

table 1.

Figure 4 — Plot of serum estrone measurements of three sets of aliquots of the same serum

samples measured stored with or without thawing and frozen at -80 C for up to 10 years

Individual data scatter plots (filled circles) and linear regression (solid line with line of identity in
dashed line) for measurements of serum E1 the same 150 serum samples are shown in three
columns. The left columns compare the original measurements in 2009 (x axis) with that of
multi-thawed samples (y axis). The middle columns compare the original measurements in 2009
with a never thawed aliquot. The right columns compare the measurement of the multi-thawed
samples (x axis) with that of the never thawed samples (y axis). The upper row shows the
Passing-Bablok regression with the regression in a solid line and the line of identity as a dashed
line. The lower row shows the Bland-Altman difference plots with the mean difference in a solid
line, the line of identity as a dashed line and the 95% confidence limits of the difference in the

shaded region. For further quantitative details of the analysis of the plots see table 1.



Figure 1

(ELY

Figure 2

bt _am

Enrg- S0 Ragewann I T_ITH W 100
e T = M ST

e 1 L

Sunnng s Sagmpn of ST o SEN
e+ S SmerT—

Wi« BRT I BET D

B B

e

Testosterone

g Sanon Ragreece o' T_81 T8
Ty . G TR

Dihydrotestosterone
i

a

a

)

Faing-Sano Sagieaon o T 51 . T 318
—TEY - G TR

Wi - 768 T 30

e BT 0T BT

<

<t




Figure 3

=am

Figure 4

Bannegdasan Srpnc #RLTY 3 L5
Y e T

DR = §230 - 2
®

L L T SR U
S I T

- .
’
/,f/
= o i
. A
3
-
Wt .
= e
.
= M = = =
o
]
»
.
.

D mice = 130 £

o am

s ¢ LR B

am

Estradiol

L e e L o)
- A

= .q-
» -
[
7
*® E = “

(S )

. e

- -

8

-}

g

s

-

2

H

L]

H

: .
) 4 = = P
s
PuannAane Sapmnen #EE 4 B
- 8 + s o Lo
A
*
o
.
.
®
A
"
¢
= = T '] e
v
N B e
- .
.
'
.
.

4 -
- = = * i e

o

Db - £ 61912 318

¥ .
.
.
= = 3 []
e
B T e T
- - e
-
H
[
=




