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KEYWORDS Summary

Maternal; Large epidemiological samples, including the National Collaborative Perinatal Project
Pregnancy; (NCPP), in which blood/serum was collected during pregnancy and offspring followed
Serum; longitudinally, offer the unique opportunity to examine neuroendocrine mechanisms
Cortisol; underlying prenatal “‘programming” of adult health and disease. However, in order to
Testosterone; conduct longitudinal analyses, it is critical to determine the validity of maternal prenatal
Validity; samples stored over long periods. We investigated the validity of cortisol, testosterone,
Storage; and their binding globulins (corticosteroid-binding globulin (CBG) and sex hormone-binding
Prenatal; globulin (SHBG)) in maternal prenatal serum from the NCPP after over 40 years of storage.

Programming;
Glucocorticoid

Study 1 included 64 maternal serum samples collected on the day of delivery; study 2
involved 1099 third trimester serum samples collected between gestational weeks 31 and
36. Across both studies, cortisol and testosterone concentrations were consistent with
values from published studies of fresh samples collected at similar points in gestation. CBG
and SHBG were present, but showed some differences from published studies. Results
support the validity of cortisol and testosterone values following 40+ years of storage.
Results also provide validation for future longitudinal tests of prenatal ‘‘programming”
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hypotheses within the NCPP. Stability of steroid hormones over decades suggests that
stored samples from other longitudinal studies may also allow opportunities to investigate
links between prenatal steroids and long-term offspring outcomes.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Exposure to excessive maternal steroid hormones is a
prominent proposed mechanism underlying prenatal
“programming” of later offspring physiology and disease
(Goy and McEwen, 1980; Forest, 1983; Berenbaum and
Hines, 1992; Grimshaw et al., 1995; Barbazanges et al.,
1996; Lutchmaya et al., 2002; Birch et al., 2003; Seckl,
2004; Steckler et al., 2005; Weinstock, 2005). Large
epidemiological samples, including the National Collabora-
tive Perinatal Project (NCPP), in which blood/serum was
collected during pregnancy and offspring were followed
longitudinally, offer the unique opportunity to examine links
between prenatal exposure to steroid hormones and long-
term offspring outcomes. However, although steroid hor-
mones are believed to be some of the most stable
molecules, and resilient to variations in storage duration
and conditions (Kley and Rick, 1984; Miki and Sudo, 1998;
Garde and Hansen, 2005), the validity of prenatal levels of
steroid hormones after decades of storage has not been
determined. As cortisol and testosterone have been pro-
posed as key mediators of prenatal “programming,” we
examined stability of concentrations of maternal cortisol
and testosterone and their binding globulins (cortisol-
binding globulins (CBG) and sex hormone-binding globulin
(SHBG)) after more than 40 years of storage. Concentrations
were examined in serum stored from participants in the
New England Cohorts of the NCPP who were followed to
adulthood.

Several types of previous studies have examined the
stability of serum and plasma cortisol, testosterone, CBG,
and SHBG in relation to variations in storage time and
conditions. Studies designed to examine the effects of
storage time on serum/plasma levels of steroid hormones
have compared levels of cortisol and testosterone from
the same samples immediately after collection and after
years of storage. In these investigations, testosterone
and cortisol concentrations were stable at levels consistent
with typical coefficients of variation after up to 10-11 years
of storage (Wickings and Nieschlag, 1976; Kubasik et al.,
1982; Das et al., 1983; Kley and Rick, 1984; Kley et al.,
1985; Diver et al., 1994; Bolelli et al., 1995; Bogdan,
2000, Pers. Commun.). Other studies have examined effects
of variation in storage conditions (e.g., repeated free-
ze-thaw cycles, storage at varied temperatures) on cortisol
and testosterone concentrations (Wickings and Nieschlag,
1976; Kubasik et al., 1982; Das et al., 1983; Kley and Rick,
1984; Garde and Hansen, 2005) as well as CBG and SHBG
(Kley and Rick, 1984; Sinnecker, 1989; Reyna et al., 2001).
These studies have also revealed stability of cortisol,
testosterone, CBG, and SHBG to common variations in
storage conditions.

Although not designed to examine stability of hormones
over time, several large epidemiological studies (e.g.,

Multiple Risk Factor Intervention Trial (MRFIT), Baltimore
Longitudinal Study of Aging) involved assays for testosterone
and SHBG in samples from non-pregnant adults stored for up
to 34 years (Lapidus et al., 1986; Cauley et al., 1987;
Barrett-Connor et al., 1990; Garland et al., 1992; Haffner
et al., 1993; Barrett-Connor and Goodman-Gruen, 1995;
Haffner et al., 1996; Zmuda et al., 1997; Harman et al.,
2001; Moffat et al., 2002). Most described stability of
testosterone and SHBG to years of storage. However, many
of these studies provided only brief descriptions of how
stability of testosterone and SHBG was determined. Cauley
et al. (1987), Lapidus et al. (1986), and Harman et al. (2001)
provided more detailed explanations of analyses to deter-
mine effects of storage time on testosterone concentra-
tions. Cauley et al. (1987) found no differences between
testosterone concentrations from samples stored for 10
years relative to a pooled sample from healthy volunteers or
between samples stored for 10 versus 11 years. Lapidus
et al. (1986) found no differences in SHBG concentrations
after 16 years of storage, but a 7% decline in CBG compared
to pooled fresh samples. Harman et al. (2001) found
evidence for a slow, curvilinear increase in testosterone
concentrations and decrease in SHBG concentration with
increasing years of storage over 34 years. However, we know
of no studies that have assayed samples stored over decades
for cortisol.

Finally, although levels of steroid hormones increase
dramatically over pregnancy, little is known about the
stability and validity of stored samples of prenatal steroid
hormones. Two studies from the NCPP and one additional
longitudinal study assayed prenatal serum samples for
testosterone after 20-40 years of storage (Henderson et
al., 1988; Udry et al., 1995; Zhang et al., 2005). However,
similar to studies of non-pregnant adults, limited descrip-
tion was provided of how concentrations of maternal
prenatal testosterone were validated. In addition, we know
of no studies investigating the validity of stored maternal
prenatal cortisol or CBG samples.

Thus, although previous studies suggest that steroid
hormones and their binding globulins are stable over time
and to variations in storage conditions, the stability of
cortisol, testosterone, CBG, and SHBG in stored maternal
prenatal samples over decades is not clear. In this
investigation, we present results from two validation
studies from the NCPP. Study 1 is a pilot study of maternal
serum samples collected on the day of delivery; Study 2
focuses on maternal serum samples collected during the
third trimester of pregnancy. Our aims were twofold: (a) to
assess whether cortisol, testosterone, CBG, and SHBG were
still present in the prenatal serum samples after over 40
years of storage and (b) to compare serum concentrations
from prenatal samples stored for over 40 years with
concentrations from published studies of fresh prenatal
samples.



142

L.R. Stroud et al.

2. Method
2.1. Overview of NCPP

The NCPP was a 12-site study of perinatal factors affecting
birth and child outcomes (Niswander and Gordon, 1972;
Broman et al., 1985; Broman et al., 1987). Over 50,000
pregnant mothers were enrolled between 1959 and 1966
through prenatal clinics. Maternal serum samples were
collected at each prenatal visit and on the day of delivery
for enrolled participants. As this study was conducted in
conjunction with the provision of routine prenatal care,
study participants were informed of the study procedures
but no formal informed consent was obtained, as was
standard research practice at this time.

2.2. Participants/sample selection

Participants for the current investigation were selected
from a subset of the approximately 17,000 offspring enrolled
in the Boston and Providence cohorts of the NCPP. As part of
an ongoing study of early environmental and genetic risks for
nicotine dependence, the current investigative team had
followed and interviewed 1636 offspring as adults (mean age
39 years, SD = 1.9yrs). All of these recent study participants
provided written informed consent, following procedures,
which had been reviewed and approved by Human Subjects
Committees at The Miriam Hospital and the Harvard School
of Public Health. From this sample, we conducted an initial
pilot study (Study 1) that included serum samples from 64
mothers collected on the day of delivery. Serum samples
were selected from mothers who gave birth to live,
singleton infants. Mean maternal age at pregnancy was
25.4 years (SD = 5.7). The composition of mothers for this
pilot was also selected to include 50% African American
mothers and 50% Caucasian mothers, and equal numbers of
participants of low and high socio-economic status (SES). SES
was based on the lowest and highest quartile of a composite
variable based on education, occupation, and income levels
assessed at the first prenatal visit (Myrianthopoulos and
French, 1968). Offspring included 53% males and 47%
females. Mean gestational age at birth was 39.9 weeks
(SD = 2.2 weeks) after the last menstrual period.

Study 2 included serum samples from 1099 mothers
collected during the third trimester of pregnancy. Samples
selected for Study 2 were drawn between 31 and 36 weeks
following the last menstrual period and at least 14 days prior
to the infant’s birth date, given known effects of labor/
delivery on steroid hormone levels (Tuimala et al., 1976;
Carr et al., 1981; Vogl et al., 2006). If mothers had more
than one draw during weeks 31-36, the latest draw within
this window was selected. Weeks 31-36 were selected (a)
because of links in the prior literature between third
trimester hormone levels and stress and offspring neurobe-
havioral outcomes (Murphy, 1982; Huizink et al., 2003;
Gutteling et al., 2004, 2005; O’Connor et al., 2005; Davis
et al., 2006, Unpublished Data), (b) because these weeks
both provided a relatively tight window within third
trimester to examine hormone levels, and (c) because these
weeks included the greatest number of participants with
available serum samples. Mean gestational age at the time

samples were collected was 32.9 weeks (SD = 1.5 weeks)
after the last menstrual period.

Serum samples in Study 2 were selected from mothers
who gave birth to live, singleton infants. Mean maternal age
was 25.0 years (SD = 5.8); 87.5% of mothers were Cauca-
sian, 11.7% African-American, and .7% other races. Mean
SES on the composite scale described above was 5.6
(SD = 1.9) on a 10-point scale. Offspring included 59% males
and 41% females. Mean gestational age at birth (based on
last menstrual period) was 40.1 weeks (SD = 2.1).

2.3. Sample collection, storage, and assays

Non-fasting maternal blood was collected at each prenatal
visit and on the day of delivery. No record was available for
time of day or recency of food intake relative to blood
collection. At least 30ml of maternal blood was drawn,
yielding approximately 15ml of serum per participant.
Samples were refrigerated overnight and then centrifuged
at 2000 rpm. Serum was removed with volumetric pipette
and distributed equally into 4 sterilized glass vials with not
more than 3.2ml per vials. Vials were tightly sealed with
rubber-lined screw caps, stored at —15 to —20 °C at research
sites, then shipped on dry ice within 3 weeks of collection to
a central repository in Bethesda, MD for long-term storage
at —20°C. Samples were collected between 1959 and 1966.
Ninety-four percent of blood samples were collected
between 1960 and 1966, and 63% between 1961 and 1965
(Median year of collection was = 1963). Average length of
storage was 42.5 years (SD = 1.7). Samples selected for
Studies 1 and 2 were shipped on dry ice by express courier
directly from the repository to the laboratory of Clemens
Kirschbaum, Ph.D., University of Duesseldorf, Germany. For
Study 1, samples from 64 participants were thawed and
0.5 ml aliquots separated and shipped. For Study 2, samples
from 1150 participants were shipped in their original glass
vials. Five vials arrived broken and 28 vials were revealed to
be empty, leaving 1099 samples for all Study 2 analyses.

Samples were assayed for total cortisol, total testoster-
one, CBG, and SHBG. Because stored serum from the NCPP is
limited, all assays were conducted using kits designed for
use with small amounts of serum (0.5ml for all four assays)
from Immuno-Biological Laboratories (IBL) of Hamburg.
Cortisol, testosterone, and SHBG were measured using
enzyme-linked immunosorbent assay (ELISA) kits. CBG was
measured using radioimmunoassay. Inter and intra-assay
coefficients of variability ranged from 4-10%, 4-9%, 3-12%,
and 3-8% for cortisol, testosterone, SHBG, and CBG,
respectively. Detailed descriptions of assays and procedures
followed can be found at www.ibl-hamburg.com.

2.4. Literature review

The scientific literature was reviewed to determine con-
centrations and ranges for total cortisol and testosterone,
CBG, and SHBG from published studies of fresh samples for
comparison with values from Studies 1 and 2. Fresh samples
were defined as samples that were not reported to be stored
for an appreciable length of time in study methods. Two
strategies were utilized to obtain a pool of relevant articles:
(1) a review of references from major endocrinology
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textbooks describing concentrations of hormones and bind-
ing globulins across pregnancy, and (2) a Medline Search
including ‘“‘cortisol” or “testosterone” or ‘‘corticosteroid-
binding globulin” (CBG) or ‘‘sex hormone-binding globulin”
(SHBG) ‘‘testosterone binding globulin” and “‘pregnancy’.
Only studies that measured concentrations of hormones/
binding globulins during third trimester of pregnancy or on
the day of delivery in >10 healthy mothers were selected.
At least 5 studies were selected per hormone/binding
globulin to allow comparison across a range of studies.

2.5. Statistical analyses

Summary statistics including mean, standard deviation,
standard error and range were calculated for cortisol,
testosterone, CBG and SHBG concentrations in NCPP Studies
1 and 2; confidence intervals were determined using t
distribution tables. Summary statistics (mean, standard
error, and confidence intervals based on t statistic) were
also derived for cortisol, testosterone, CBG, and/or SHBG
for each published study to allow comparison with values
from the present studies. For studies designed to examine
concentrations of hormones or binding globulins in patient
populations (e.g., mothers with hypertension or pre-
eclampsia during pregnancy (Potter et al., 1987; Serin
et al., 2001; Carlsen et al., 2005)), only values from the
control group are presented. For studies in which samples
were divided by group (e.g., weeks of pregnancy (Potter
et al., 1987), or gender (van de Beek et al., 2004), summary
statistics are presented separately for each group. For ease
of comparison across studies, units for hormone and binding
globulin concentrations were converted to the units utilized
in assays for Studies 1 and 2: ng/ml for cortisol and
testosterone, pg/ml for CBG, and nmol/l for SHBG.
Molecular weights of 362.46 Da for cortisol, 288.43Da for

257 277 296

Wadhwa et al., 1996, Week 28 (54)

testosterone, and 55,000Da for CBG were utilized for
conversion between molar and metric (SI) units. (No
conversions were necessary for SHBG studies.)

Values from NCPP Studies 1 and 2 were compared to
published studies of fresh samples by examining the overlap
in t confidence intervals between studies. Although 95%
confidence intervals (ClI’s) are typically reported for
individual study means, the use of such confidence intervals
when conducting pairwise study comparisons via the overlap
method leads to a higher likelihood of finding no differences
between the studies than the nominal 95% rate expected
under the null hypothesis of no difference would suggest
(Goldstein and Healy, 1995; Schenker and Gentleman,
2001). To properly calibrate these comparisons to a 5% Type
| error rate, we have utilized 83% individual CI’s instead, as
recommended by Austin and Hux (2002). This corresponds to
narrowing the half-length of the t confidence intervals by
about 30%, thus making study overlap less likely, and
rejection of the null hypothesis more frequent. Two
published studies (Carlsen et al., 2005; Troisi et al., 2003)
did not include mean values, thus, t intervals were
determined using the median and inter-quartile range.
One study (Demey-Ponsart et al., 1982) reported mean
concentrations but not variation around the mean; thus, Cls
could not be determined and this study was not included in
Fig. 2. Mean values from this study are discussed in the text.

3. Results
3.1. Cortisol

Total cortisol means and confidence intervals (83% Cl’s)
for Studies 1 and 2 and published studies are presented
in Fig. 1. In Study 1, mean cortisol concentration was
365ng/ml (SD = 151); 83% Cl was 339-391ng/ml (sample

269287 305

e

Soldin et al., 2005, Week 32 (50)

DemeyPonsart et al., 1982, Wks 31-35 (14)

262 270 279

z 277 281284
o NCPP Study 2, Wks 31-36 (1099) -
< 245264 283
S Potter et al., 1987, Wks 33-34 (45) —_—
B 252 289 326
] Magiakou et al., 1996, Wks 34-36 (10)
o
o 354 378 402
8 Laudat et al., 1987, Wks 34-39 (19) e
>
5 305 333 361
£ Benassayag et al., 2001, Wks 38-40 (22)
3
< 339 365 391
NCPP Study 1, Day of Delivery (64) —
) 457 493 530
Potter et al., 1987, Day of Delivery (59)
. ) 584 630 676
Papageorgiou et al., 2004, Day of Delivery (33)
220 280 340 400 460 520 580 640 700

Figure 1

Cortisol Values (ng/ml)

Mean cortisol levels and 83% confidence intervals based on the t statistic for published studies and NCPP Studies 1 and 2 in

order of week of pregnancy. Non-overlapping confidence intervals indicate statistically significant differences between studies by
Student’s t test. Means and 83% confidence intervals from Studies 1 and 2 are highlighted in bold.
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range = 88-757ng/ml). Study 1 cortisol concentrations
were significantly higher than concentrations from studies
of samples collected earlier in third trimester (28-36 weeks)
(Demey-Ponsart et al., 1982; Potter et al., 1987; Magiakou
et al., 1996; Wadhwa et al., 1996; Soldin et al., 2005) and
NCPP Study 2 (31-36 weeks). Study 1 cortisol concentrations
did not differ significantly from concentrations measured
later in third trimester (34-40 weeks) (Laudat et al., 1987;
Benassayag et al., 2001), but were significantly lower than
concentrations from both studies of samples collected on
the day of delivery (Potter et al., 1987; Papageorgiou et al.,
2004).

In Study 2, mean cortisol concentration was 281 ng/ml
(SD=84); 83% Cl was 277-284ng/ml (sample ran-
ge = 3.8-795ng/ml). Study 2 cortisol concentrations did
not differ significantly from concentrations in five out of
seven published studies of samples from third trimester
(weeks 28-36) of pregnancy (Demey-Ponsart et al., 1982;
Potter et al., 1987; Magiakou et al., 1996; Wadhwa et al.,
1996; Soldin et al., 2005), but were significantly lower than
concentrations from two small studies of samples collected
late in third trimester (weeks 34-39 and 38-40) (Laudat
et al., 1987; Benassayag et al., 2001) and both published
studies of samples from the day of delivery (Potter et al.,
1987; Papageorgiou et al., 2004).

3.2. Testosterone

Total testosterone means and 83% Cl’s for Studies 1 and 2 and
published studies are presented in Fig. 2. In Study 1, mean
testosterone concentration was 1.47 ng/ml (SD = .98); 83% Cl
was 1.30-1.64 ng/ml (sample range = .18-4.31 ng/ml). Study
1 testosterone concentrations were significantly higher than
concentrations from all samples collected during third
trimester of pregnancy (weeks 28-39) (Laudat et al., 1987;
Bartha et al., 2000; Serin et al., 2001; van de Beek et al.,
2004; Carlsen et al., 2005), concentrations from NCPP

Serin et al., 2001, Wks 28-32 (20)

Van de Beek et al., 2004, Wks 30-35, Female Fetuses (78)
Van de Beek et al., 2004, Wks 30-35, Male Fetuses (75)
Carlsen et al., 2005, Week 33 (138)

NCPP-2, Wks 31-36 (1099)

Bartha et al., 2000, Wks M=34.5 (32)

Laudat et al., 1987, Wks 34-39 (19)

Acromite et al., 1999, Day of Delivery (26)

Author, Year, Gestational Age (N)

Troisi et al., 2003, Day of Delivery (86)
Atamer et al., 2004, Day of Delivery (40)

NCPP-1, Day of Delivery (64)

Study 2, and one published study of samples collected on
the day of delivery (Atamer et al., 2004). Testosterone
concentrations in Study 1 overlapped with those measured
around the time of delivery in two additional published
studies (Acromite et al., 1999; Troisi et al., 2003).

In Study 2, mean testosterone concentration was
.88ng/ml (SD = .52); 83% Cl was .84 to .92ng/ml (ran-
ge = .01-5.79ng/ml). Concentrations were significantly
higher than concentrations from one study of samples
collected early in third trimester of pregnancy (weeks
28-32) (Serin et al., 2001) and one study of samples from the
day of delivery (Atamer et al., 2004). Concentrations were
not significantly different from four of five published studies
of samples from third trimester (Weeks 30-39) of pregnancy
(Laudat et al., 1987; Bartha et al., 2000; van de Beek et al.,
2004; Carlsen et al., 2005), but were lower than the
testosterone concentrations from two additional studies
from the time of delivery (Acromite et al., 1999; Troisi
et al., 2003).

3.3. CBG

CBG means and 83% Cl’s for Studies 1 and 2 and published
studies are presented in Fig. 3. In Study 1, mean CBG
concentration was 143 ug/ml (SD=90); 83% Cl was
126-158 ng/ml (sample range = 68-788 ug/ml) with the
inclusion of one extreme outlier (highest CBG value was
788 ug/ml, but next highest was 231pug/ml). With the
extreme outlier removed, mean CBG concentration was
132 ug/ml (SD = 38); 83% Cl was 125-139 (sample range
68-231 pg/ml). Study 1 CBG concentrations with and with-
out the outlier were significantly higher than CBG concen-
trations from all 4 published studies of samples collected
during the third trimester (Weeks 33-40) (Sueda et al.,
1983; Potter et al., 1987; Magiakou et al., 1996; Benassayag
et al., 2001) and samples from NCPP Study 2. Study 1 CBG
concentrations were also significantly higher than those

02024028
0.76 0.84 0.92
0.760.83 0.9
0.76 0.8 0.84
0.84 0.880.92
0.89 0.99 1.09
0.61 0.81 1.01
141 155 169
1.05 15 2.13
0.220290.36
1.3 147 164
O.‘4 016 018 1 112 1‘.4 116 1‘.8 2 2‘.2

0.2

Testosterone Values (ng/ml)

Figure 2 Mean testosterone levels and 83% confidence intervals based on the t statistic for published studies and NCPP Studies 1 and
2 in order of week of pregnancy. Non-overlapping confidence intervals indicate statistically significant differences between studies by
Student’s t test. Means and 83% confidence intervals from Studies 1 and 2 are highlighted in bold.
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NCPP-2, Wks 31-36 (1099)

Potter et al., 1987, Week 33 (48)

51 63

Magiakou et al., 1996, Wks 34-36 (10)

Benassayag et al., 2001, Wks 38-40 (22)

Sueda et al., 1983, 3rd trimester (n=51)

Author, Year, Gestational Age (N)

Potter et al., 1987, Day of Delivery (61)

NCPP-1, Day of Delivery (63)

110 112 114

——

110 115 120
75
91 102 113
83 88 93

12 117 122

125 132 139

65

T T
85 105 125
CBG Values (micrograms/ml)

Figure 3 Mean corticosteroid binding globulin levels and 83% confidence intervals based on the t statistic for published studies and
NCPP Studies 1 and 2 in order of week of pregnancy. The 83% confidence for NCPP Study 1 is based on exclusion of one extreme
outlier. Non-overlapping confidence intervals indicate statistically significant differences between studies by Student’s t test. Means
and 83% confidence intervals from Studies 1 and 2 are highlighted in bold.

from the one published study of CBG concentrations around
the time of delivery (Potter et al., 1987). Study 1 CBG
concentrations overlapped with those from one additional
published study of third trimester (week 31-35) CBG
concentrations (M =137.5ug/ml, n=14, no variation
around mean reported) (Demey-Ponsart et al., 1982).

In Study 2, mean CBG was 112 ug/ml (SD = 47); 83% ClI
range was 110-114 ug/ml (sample range = .25-348 ug/ml).
Study 2 CBG concentrations were significantly higher than
concentrations from two of four published studies of
samples collected during third trimester (Sueda et al.,
1983; Magiakou et al., 1996), but confidence intervals
overlapped with those from two studies from third trimester
(weeks 33-38) (Potter et al., 1987; Benassayag et al., 2001)
and one study of samples collected on the day of delivery
(Potter et al., 1987). Study 2 CBG concentrations were lower
than those from the Demey-Ponsart et al. (1982) study
described above.

3.4. SHBG

SHBG means and 83% ClI’s for Studies 1 and 2 and published
studies are presented in Fig. 4. In Study 1, mean
SHBG concentration was 361nmol/l (SD =94); 83% Cl
was 345-377nmol/l (sample range = 159-561 nmol/l). In
Study 2, mean SHBG concentration was 355nmol/l
(SD =102); 83% Cl was 350-358 nmol/l (sample ran-
ge = 125-1047 nmol/l). SHBG concentrations from Studies
1 and 2 did not differ significantly from those of one of five
published studies of samples collected during third trimester
(week 33) (Carlsen et al., 2005) or from one another. SHBG
concentrations from both studies were significantly lower
than four out of five published studies from third trimester

(Weeks 28-35) (Bartha et al., 2000; Serin et al., 2001; van
de Beek et al., 2004) and one study from the day of delivery
(Acromite et al., 1999), suggesting some degradation.

4. Discussion

Results from both studies reported here are among the few
to examine validity of maternal prenatal steroid hormone
and binding globulin concentrations in a large population-
based sample after decades of storage. Across two sets of
maternal prenatal serum samples from the National Colla-
borative Perinatal Project (NCPP), cortisol and testosterone
concentrations measured after more than 40 years of
storage were consistent with published values from fresh
prenatal samples. Concentrations of CBG and SHBG after
decades of storage were less consistent with published
values from fresh samples. In particular, concentrations of
SHBG were consistently lower than values from published
studies, suggesting some degradation.

In examining the validity of samples stored over long
periods, there are two primary concerns: (a) degradation of
the substances of interest resulting in diminished hormone
and binding globulin concentrations, and (b) evaporation/
desiccation of the medium leading to increases in hormone/
binding globulin concentrations. With respect to cortisol,
samples from third trimester (Study 2) appear to be well
within the range of published studies from fresh samples
suggesting little degradation or dessication over decades. To
our knowledge, the present study is the first to examine the
validity of cortisol samples stored over decades. Results
extend prior studies showing stability of non-prenatal
cortisol samples over years of storage (Kley and Rick,
1984; Kley et al., 1985; Bogdan, 2000, Pers. Commun.) to



146

L.R. Stroud et al.

Serin, 2001, Wks 2832 (20)
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Van de Beek et al., 2004, Wks 30-35, Male Fetuses(75)

Carlsen et al., 2005, Week 33 (138)

NCPP-2, Wks 31-36 (1099)

Bartha et al., 2000, Wks M=34.5 (32)

Author, Year, Gestational Age (N)

Acromite et al., 1999, Day of Delivery (64)
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NCPP-1, Day of Delivery (64)
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Figure 4 Mean sex hormone binding globulin levels and 83% confidence intervals based on the t statistic for published studies and
NCPP Studies 1 and 2 in order of week of pregnancy. Non-overlapping confidence intervals indicate statistically significant differences
between studies by Student’s t test. Means and 83% confidence intervals from Studies 1 and 2 are highlighted in bold.

prenatal samples stored over decades. Samples from the day
of delivery (Study 1), however, revealed lower cortisol
concentrations compared to concentrations from two
published day-of-delivery studies. Although it is possible
that stored delivery samples showed increased degradation
compared to third trimester samples, we believe the most
likely explanation relates to differences in timing of sample
collection relative to delivery. Specifically, in the two
published studies, samples were collected simultaneously
with delivery—likely the most stressful time of the labor-
delivery period. In contrast, NCPP samples were collected
across a range of times on the day of delivery—presumably
including periods somewhat less stressful than delivery
itself.

Similar to cortisol, testosterone concentrations from third
trimester were within the range of values from most
published studies. Day-of-delivery values were similar to
values from two of three of published studies, but were
higher than values from Atamer et al. (2004). It is notable,
however, that testosterone values in the study by Atamer
et al. were significantly lower than those from both NCPP
studies, the additional two published studies from the time
of delivery, and five of six published studies from third
trimester of pregnancy, suggesting some idiosyncrasy in
these results. In particular, while the majority of published
studies of testosterone during pregnancy utilized radio-
immunoassay, Atamer et al. utilized an automated immu-
noassay previously shown to result in lower concentrations
relative to other methods and manufacturers (Taieb et al.,
2003). Overall, similarity between values from the present
study and published studies suggests little degradation or
evaporation/desiccation over decades of storage. Results
for testosterone are also consistent with several large
epidemiological studies of non-pregnant adults in which
stored samples were examined after years or decades of
storage (Lapidus et al., 1986; Cauley et al., 1987; Barrett-
Connor et al., 1990; Garland et al., 1992; Haffner et al.,
1993; Barrett-Connor and Goodman-Gruen, 1995; Haffner

et al., 1996; Zmuda et al., 1997; Feldman et al., 2002;
Moffat et al., 2002), and extend these results to prenatal
samples. Results contrast with one previous study of males
(Harman et al., 2001), where testosterone concentrations
were found to increase over three decades of storage.
However, in this study, Harman et al. found that SHBG
competed with total testosterone for binding with the
radioimmunoassay utilized to assess total testosterone
concentrations. Because SHBG levels decreased over storage
time, Harman et al. suggested that the increase in total
testosterone was an artifact of a corresponding decrease in
SHBG and decreased competition for binding with their
radioimmunoassay. Our use of a different assay type
(enzyme-linked immunoassay) to assess total testosterone
in the present study may account for differences in effects
of storage time on testosterone concentrations between
studies.

In contrast to steroid hormones, binding globulin con-
centrations from stored samples were less consistent with
concentrations from published studies of fresh samples. Day-
of-delivery (Study 1) CBG concentrations were slightly but
significantly higher than those from the one published
delivery study (Potter et al., 1987) as well as values from
all published third trimester studies. Third trimester (Study
2) CBG concentrations were consistent with values from
some published studies from third trimester, higher than
values from others, and lower than values from one study.
Dessication can be ruled out as an explanation for higher
CBG concentrations for third trimester and delivery values
compared to some published studies, because dessication
would be uniform across analytes (e.g., cortisol, testoster-
one, and SHBG levels would also be higher than published
studies), which was not the case in the present study. We
believe the most likely reason for discrepent CBG values
between NCPP and values from published studies of fresh
samples is that differences reflect the use of alternative
assays (e.g., immunodiffusion and competitive binding
assays versus radioimmunoassay) across studies. However,
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we cannot rule out the possibility that decades of storage
may have increased CBG concentrations in NCPP. Results for
CBG are not consistent with the one epidemiological study
of non-pregnant older women in which serum samples were
examined after 16 years of storage (Lapidus et al., 1986).
Lapidus et al. found a decline in CBG compared to pooled
fresh samples; however, description of methods to deter-
mine the differences between fresh and stored samples was
minimal. CBG values from the present NCPP studies are
more consistent with an increase in stored values of CBG
relative to those from fresh samples. Thus, the impact of
decades of storage on CBG remains equivocal. Because CBG
may be utilized to calculate free cortisol indices, evidence
for potentially higher CBG values in the present sample
suggests that calculations of free cortisol based on both
cortisol and CBG in the present sample may lead to lower
than expected values.

Third trimester and day-of-delivery SHBG concentrations
were lower than those from the majority of published
studies, suggesting some degradation over decades of
storage. Results are consistent with Harman et al. (2001),
who found a slow, curvilinear decline in SHBG concentra-
tions in males determined by radioimmunoassay over 34
years of storage. However, results contrast with those of
Lapidus et al (1986), who found no differences in SHBG
concentrations relative to pooled fresh samples after 16
years of storage. Again, however, a complete description of
methods for comparing stored and fresh samples was not
provided. Also potentially impacting both CBG and SHBG
levels in NCPP is that nutritional status and insulin levels
were not controlled or measured. This is also the case with
many of the published studies to which the NCPP studies
were compared. Both nutritional status and insulin levels
have been shown to potently influence regulation of both
CBG and SHBG (Haffner et al., 1989; Tchernof and Despres,
2000; Fernandez-Real et al., 1999, 2001, 2002; Lewis et al.,
2004, 2006) and should be measured and/or controlled in
future studies of binding globulin levels during pregnancy. As
SHBG may be utilized to calculate free androgen indices,
evidence for degradation of SHBG in the NCPP suggests that
higher than expected values of free androgen may emerge in
the present sample.

The studies presented here offer a number of significant
strengths from both methodological and theoretical per-
spectives. From a methodological perspective, the large
sample size for the NCPP third trimester study (Study 2; over
1000 participants) makes it one of the largest studies of the
stability of hormones and binding globulins in maternal
serum stored over decades. Similarly, it is notable that
across hormones and binding globulins, confidence intervals
from Study 2 were much narrower than those from other
published studies, likely due to its much larger sample size.
From a theoretical perspective, the stability of steroid
hormones from prenatal samples over decades has impor-
tant implications for investigating mechanisms underlying
links between prenatal stress and long-term offspring
outcomes. To date, most evidence in support of ‘“‘program-
ming”’ mechanisms by steroid hormones has been derived
from animal models and a small number of human studies in
which offspring have not yet been followed until adulthood
(Lutchmaya et al., 2002; de Weerth et al., 2003; Huizink
et al., 2003; Gutteling et al., 2004, 2005). While it is critical

to conduct longitudinal studies designed explicitly to
examine steroid programming of later offspring outcomes,
evidence for possible links to adult outcomes will not be
available for years or decades. The validity of the samples
described here and the availability of data on adult
outcomes (through third and fourth decades of life) in the
New England Cohorts of the NCPP suggests the possibility of
novel analyses linking prenatal steroids and long-term
behavioral and physical health outcomes. Results from these
analyses will extend prior preclinical and human research
and offer further empirical evidence regarding prenatal
*programming” of long-term outcomes in a large, popula-
tion-based sample. We hope the present study will also
stimulate similar analyses in additional longitudinal studies
with access to stored prenatal blood/serum samples.

Although results should spur future longitudinal analyses
of stored steroid samples, we acknowledge several limita-
tions in the two validation studies presented here. First, the
optimal strategy to determine stability of stored samples
would involve comparison with concentrations of hormones
and binding globulins assessed from the same participants at
the time of collection (e.g., 1959-1966) and after 40+ years
of storage. However, as serum samples were not assayed
for cortisol, testosterone, CBG, or SHBG at the time of
collection, our best strategy was to compare concentrations
from stored samples to published values from fresh samples.
Second, because absolute levels of hormones can vary
widely between assays, it would have been ideal to compare
values from NCPP samples to those from published studies
utilizing the same assay types as those in the present study.
However, as there was a paucity of studies of fresh samples
in pregnant women using identical assays, we selected
studies including a number of assay types. Third, similar to
concentrations obtained from some published studies, time
of day of serum collection was not recorded in NCPP. As both
cortisol and testosterone show variation over the course of
the day, this represents an important potential confound for
future longitudinal studies in this sample. Finally, NCPP
samples were collected in non-fasting mothers with no
record of recency of food intake/nutritional status prior to
serum sampling. Thus, variability in recency of food intake/
nutritional status also represents an additional important
confound for future longitudinal studies. However, if time of
day and nutritional status can be assumed to be random
across prenatal visits, variation in hormone levels due to
time of day/nutritional status relative to sampling would be
included as error variance, and would serve to attenuate
rather than strengthen links between prenatal hormones
and long-term offspring outcomes.

In conclusion, stored prenatal serum from the National
Collaborative Perinatal Project, and other long-term, long-
itudinal studies beginning in the perinatal period offer the
unique opportunity to examine neuroendocrine mechanisms
underlying prenatal ‘“programming’” of adult health and
disease. However, in order to test hypotheses regarding
neuroendocrine mechanisms, it is critical to determine the
validity and stability of maternal prenatal samples stored
over long periods. Results presented here suggest that
concentrations of steroid hormones in prenatal serum stored
for over four decades are indeed valid compared to
concentrations measured in fresh samples at similar points
in gestation. Results should lead to future longitudinal
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studies of neuroendocrine mechanisms underlying links
between prenatal factors and offspring behavior and disease
within NCPP and other longitudinal studies.
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