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Abstract

This experiment examined the effects of delays in separa-
tion and freezing of whole blood components on analytes
of interest in studies of prostate cancer prevention, in order
to evaluate the feasibility of centralized processing of
blood for the multisite Selenium and Vitamin E Cancer
Prevention Trial. Blood from 40 healthy men was subjected
to four treatment protocols, allowing the contrast of
immediate processing to delays of 32, 72, and 144 hours.
At 32 hours, simulating refrigerated storage and overnight
shipping, there was a 2.9% decrease (95% confidence
interval, 0.7-5.1) in insulin-like growth factor-I (IGF-I) but
no significant change in carotenoids, tocopherols, testoster-
one, 3a-androstanediol glucuronide (AAG), sex hormone –
binding globulin (SHBG) or insulin-like growth factor
binding protein 3 (IGFBP3). A 144-hour processing delay,
simulating weekend blood collection or shipping delay,
resulted in significant changes in g-tocopherol (��1.5%), IGF-I

(��5.7%), IGFBP3 (��2.9%), SHBG (��4.0%), testosterone
(+4.7%), and AAG (+5.5%). The rank-order and intraclass
correlations between analytes from blood processed imme-
diately and those subjected to delayed processing were 0.96
or higher for carotenoids, tocopherols, AAG, and SHBG,
and between 0.87 and 0.95 for IGF-I, IGFBP3, and
testosterone. A 32-hour delay decreased lymphocyte viabil-
ity from 82.5% to 75.0% (P = 0.45), but a 72-hour delay
decreased viability to 36.8% (P < 0.001). Overnight shipping
and centralized processing is an acceptable approach to
blood collection in large multisite trials examining the
cancer-related measures proposed in the Selenium and
Vitamin E Cancer Prevention Trial. Longer processing
delays, however, have small but statistically significant
effects on many analytes and substantially decrease
lymphocyte viability. (Cancer Epidemiol Biomarkers Prev
2005;14(3):727– 30)

Introduction

Collection and storage of blood samples in large, multicenter
studies can be very expensive and procedurally complex,
especially if blood samples require laboratory processing before
shipment to a central storage facility. One approach to
simplifying blood collection is to ship unprocessed blood to a
central facility, where separation of blood components, ali-
quotting, labeling, and storage are done by trained personnel
using carefully standardized materials and methods. However,
some blood analytes may degrade during the period between
collection and arrival at a central processing facility, which
could introduce error and bias into subsequent analyses. As part
of the planning for the Selenium and Vitamin E Cancer
Prevention Trial (1), we evaluated whether the proposed blood
collection protocol, based on refrigerated storage and overnight

shipping, as well as several scenarios that would delay receipt of
blood samples at a central facility, such as weekend blood
collection and weather-related shipping delays, would affect
analytes of interest in studies of prostate cancer prevention. This
manuscript gives results of an experiment simulating effects of
blood storage and shipping, examining tocopherols, carote-
noids, testosterone, insulin-like growth factor I (IGF-I), insulin-
like growth factor binding protein 3 (IGFBP3), and viability of
lymphocytes for immortalization. Several small studies have
evaluated the effects of delayed blood processing on some of
these analytes; none have examined the range of scenarios likely
to be encountered in large, multisite studies. If delayed
processing has little effect on plasma analytes, it would allow
substantial savings in blood processing costs in multisite studies
requiring blood collection and storage.

Materials and Methods

Blood Processing. Fasting blood samples from 40 healthy
male volunteers, ages 22 to 50, were collected into four 7-mL
royal-topped tubes with EDTA as an anticoagulant. Bloods
were subjected to four treatments simulating likely field
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conditions (Table 1), which consisted of several combinations of
refrigerated storage (4jC) and shipping (storage in a 1.5-inch-
thick styrene foam Bio-Mailer with �1jC gel-packs, using a
Styrofoam divider to isolate tubes from gel-packs to prevent
freezing). Shipping container temperatures were 10jC at 24
hours, 14jC at 48 hours, and 21jC at 72 hours. After treatment,
blood samples were centrifuged and plasma was stored at
�70jC. Buffy coats were washed twice with red cell lysing
solution. Leukocytes were then resuspended in RPMI 1640
(Sigma-Aldrich), centrifuged, and finally resuspended in freeze
media containing RPMI 1640 supplemented with fetal bovine
serum, streptomycin, penicillin, and 15% filtered DMSO.
Leukocytes were subject to rate-control freezing before final
storage in liquid nitrogen. All procedures were completed
under sterile conditions.

Laboratory Assays. Tocopherols and carotenoids were
assayed using reverse-phase high-performance liquid chroma-
tography (2, 3). IGF-I and IGFBP3 were assayed by ELISA with
reagents from Diagnostic Systems Laboratory (Webster, TX) as
described previously (4). Testosterone was measured by RIA
after organic solvent extraction and Celite column partition
chromatograph (5). 3a-Androstanediol glucuronide (AAG)
was quantified by direct RIA (6) and sex hormone–binding
globulin (SHBG) was measured by direct chemiluminescent
immunoassay using the Immulite analyzer (Diagnostic Prod-
ucts Corporation, Inglewood, CA). For all assays, samples for
an individual were analyzed in the same batch, and intraassay
coefficients of variation were as follows: a-carotene (3.0%),
h-carotene (2.6%), lutein + zeaxanthin (2.4%), h-cryptoxanthin
(1.6%), lycopene (3.0%), a-tocopherol (1.4%), g-tocopherol
(2.2%), IGF-I (1.4%), IGFBP3 (2.0%), AAG (4.5%), testosterone
(9.5%), and SHBG (4.1%). To immortalize lymphocytes, cells
were thawed and the concentration was adjusted to 3 million
cells/mL in RPMI 1640 supplemented with 40% fetal bovine
serum, penicillin and streptomycin, and 2 mmol L-glutamine.
One milliliter was plated on 24-well plates, and 12 AL of
cyclosporin at 1 mg/mL and 1 mL of EBV supernatant (B95.8)
were added to each well (grown in Iscove’s media with 10%
FCS). Plates were incubated at 37jC for 10 days. One milliliter
of old media was replaced with 1 mL of fresh RPMI 1640
media after colonies were visualized. If there was no visible
growth of colonies by 21 days, 1 mL of old media was replaced
with 0.5 mL RPMI 1640 media and 0.5 mL virus stock. Samples
were followed for up to 30 days before final determination of
lymphocyte viability.

Statistical Methods. Effects of blood treatments were
described as (a ) the arithmetic mean of paired differences
between treatment A and all other treatments, and (b ) the
percentage change from treatment A, calculated as eD , where
D is the mean of paired differences in log-transformed

values. Paired t tests were used to determine statistical
significance. Spearman rank-order correlations and intra-
class correlations were used to examine agreement between
treatment A and all other treatments. The intraclass
correlation excluded the mean difference between the two
measures, using the formula described in Armstrong et al.
(ref. 7, p. 104), which corresponds to an analyses that would
include a covariate indicating the length of processing delay.

Results

Table 2 gives mean values of each analyte from blood
processed immediately after collection (treatment A), as well
as mean and percentage differences due to simulated delays in
processing (treatments B, C, and D). Delayed processing had
very modest effects on carotenoids and tocopherols; neverthe-
less, there were small decreases for h-cryptoxanthin that
reached statistical significance for percentage but not mean
change and small decreases in both percentage and mean
change in g-tocopherol. IGF-I decreased incrementally with
longer storage time, reaching a �5.75% decrease (P < 0.001) for
treatment D. IGFBP3 also decreased significantly with longer
storage time, although the effect was only �2.9% for treatment
D. There were no effects of delayed processing on testosterone,
AAG, and SHBG except for treatment D. After the long
processing delay simulated in treatment D, testosterone and
AAG increased by f5% and SHBG decreased by 4%.

All rank-order correlations between measures from blood
processed immediately and measures from blood subjected to
delayed processing were high (Table 3). Both rank-order and
intraclass correlations were 0.96 and higher for carotenoids,
tocopherols, AAG, and SHBG, with no suggestion of decreas-
ing correlation with longer delays before processing. Correla-
tions were somewhat lower for IGF-I, IGFBP3, and
testosterone, ranging from 0.87 to 0.95.

Delayed processing profoundly affected lymphocyte via-
bility. Transformation was successful for 33 out of 40 samples
(82.5%) from treatment A; 15 out of 20 samples (75%) for
treatment B (versus treatment A, P = 0.45), and only 7 out of
19 (36.8%) samples from treatment C (versus treatment A, P
< 0.001). Given the poor results from treatment C, treatment
D was not evaluated.

Discussion

This study evaluating the feasibility of shipping unprocessed
blood samples to a central processing facility found no
significant effects of delays of up to 32 hours (overnight
shipping) on blood analytes, with the exception of a small
decrease in IGF-I. Longer processing delays, which would be
expected with weekend blood collection or shipping delay,
resulted in significant decreases in g-tocopherol, IGF-I,
IGFBP3, and SHBG, and increases in testosterone and
AAG. There was a small but significant decrease in
percentage but not mean change in h-cryptoxanthin with a
delay of 144 hours, which due to this inconsistency, was not
considered meaningful. However, even with a processing
delay of 144 hours, no analyte concentration was affected by
>6%. Furthermore, for most analytes, the rank-order and
intraclass correlations between blood samples processed
immediately and those subjected to delayed processing were
>0.95, and in no cases did correlations drop below 0.87. In
contrast to results on blood analytes, lymphocyte viability
was modestly decreased after simulated overnight shipping
and next day processing, but fell by more than half after a
72-hour delay.

There are few studies that have systematically examined the
effects of shipping unprocessed blood on analytes of interest in

Table 1. Blood processing treatments, simulating variable
storage and shipping times

Treatment Description Time between
collection
and freezing (h)

A Immediate processing and storage <2
B Optimal study protocol 32

8 h refrigerated storage
24 h shipping with gel pack

C Minor delay, due to evening
or weekend clinic

72

24 h refrigerated storage
48 h shipping with gel pack

D Major delay, due to weather
emergency or accidental mishandling

144

72 h refrigerated storage
72 h shipping with gel pack
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cancer epidemiology. Kley and Rick (8) examined the effects of
storing whole blood for 4 days on steroid hormones in six
samples, and found a 5% decrease in testosterone and 5%
increase in SHBG (both P < 0.05). Craft et al. (9) examined
effects of storing plasma for 24 hours on carotenoids and
tocopherols in four samples, and found a nonsignificant 12%

decrease in a-tocopherol and much smaller changes in
carotenoids. Hankinson et al. (10) examined the effects of a
28-hour processing delay on carotenoids and tocopherols in
12 samples, and found a 5.5%/day decrease in h-carotene and a
0.9%/day decrease in a-tocopherol (both not significant), with
much smaller effects on other carotenoids and g-tocopherol.
The same study also examined the effects of a 48-hour delay on
steroid hormones in samples from 10 women, and found
increases of 9.5%/day in testosterone and 1.3%/day in
SHBG (both not significant). Key et al. (11) reported the effects
of a 24-hour processing delay on carotenoids and steroid
hormones in 28 samples, and found decreases of 8.7% (P < 0.05)
for a-carotene and 6.7% (not significant) for lycopene, and
nonsignificant increases in testosterone of 3.2% for females
and 1.8% for males. Hankinson et al. (4) reported an intraclass
correlation of 0.98 for IGF-I and 0.96 for IGFBP3 among an
unstated number of samples processed immediately and
delayed for 24 and 36 hours. Most of these studies were based
on very small samples and were underpowered to detect
moderate effects of delayed processing. In general, however,
these studies found no or very modest effects of delayed
processing.

Several nonexperimental studies have examined the effects
of delayed processing on lymphocyte viability. A single study
reported a profound drop in cell viability after processing
delays of 3 or more days, which is consistent with our findings
(12). Others report successful transformation after delays of
up to 72 hours (13, 14) and up to 6 days (15), however, none of
these present supporting data. None of these previous studies
is comparable to the experiment reported here because all
used acid citrate dextrose as an anticoagulant. Acid citrate
dextrose is optimal for cell viability, but it is not the preferred

Table 3. Spearman rank-order and intraclass correlations
comparing carotenoids, tocopherols, IGF-I, IGFBP3, AAG,
testosterone, and SHBG (n = 40)

Analyte Treatments*

A versus B A versus C A versus D

S
c

I
b

S I S I

a-Carotene 0.99 0.99 0.98 0.99 0.98 0.99
h-Carotene 0.99 0.99 0.98 0.99 0.99 0.99
Lutein + Zeaxanthin 0.99 0.99 0.99 0.99 0.99 0.99
h-Cryptoxanthin 0.99 0.99 0.99 0.99 0.99 0.99
Lycopene 0.98 0.99 0.97 0.96 0.96 0.96
a-Tocopherol 0.99 0.99 0.99 0.99 0.99 0.99
g-Tocopherol 0.99 0.99 0.98 0.99 0.99 0.99
IGF-I 0.95 0.96 0.93 0.94 0.94 0.95
IGFBP3 0.89 0.90 0.88 0.87 0.91 0.91
AAG 0.98 0.99 0.97 0.98 0.97 0.98
Testosterone 0.95 0.94 0.96 0.93 0.93 0.92
SHBG 0.98 0.99 0.98 0.99 0.98 0.99

NOTE: Log-transformed, with the exceptions of IGF-I, IGFBP3, testosterone, and
SHBG.
*See Table 1 for description of treatments.
cSpearman rank-order correlation.
bIntraclass correlation.

Table 2. Effects of delayed processing on serum concentrations of carotenoids, tocopherols, IGF-I, IGFBP3, AAG,
testosterone, and SHBG (n = 40)

Analyte Treatment*

A
X̄ F SD

c
B
D̄F SE

b
,

D% (95% CI)x

C
D̄ F SE

b
,

D% (95% CI)x

D
D̄F SE

b
,

D% (95% CI)x

a-Carotene (Ag/dL) 6.4 F 4.8 0.11 F 0.09,
�0.1 (�2.2 to 2.1)

0.16 F 0.13,
�0.0 (�2.8 to 2.8)

0.16 F 0.11,
0.3 (�2.5 to 3.3)

h-Carotene (Ag/dL) 28.7 F 24.4 0.49 F 0.27,
0.8 (�0.3 to 1.9)

1.36 F 0.86,
1.9 (�1.0 to 4.9)

0.76 F 0.46,
2.2 (�0.3 to 4.7)

Lutein + Zeaxanthin (Ag/dL) 21.4 F 9.8 �0.08 F 0.09,
0.7 (�0.0 to 1.5)

0.08 F 0.27,
�0.2 (�1.5 to 1.2)

0.05 F 0.09,
�0.0 (�0.8 to 0.8)

h-Cryptoxanthin (Ag/dL) 12.2 F 9.8 �0.22 F 0.20,
�2.8 (�4.3 to 1.2)

0.10 F 0.26,
�1.6 (�3.6 to 0.4)

�0.30 F 0.20,
3.2 (�5.0 to �1.3)

Lycopene Ag/dL 39.9 F 12.5 �0.24 F 0.26,
�0.6 (�1.9 to 0.8)

0.60 F 0.80,
0.9 (�1.8 to 3.7)

�0.78 F 0.77,
1.3 (�1.4 to 4.1)

a-Tocopherol (Ag/dL) 1,222 F 542 �3.4 F 5.6,
0.2 (�0.1 to 0.3)

19.1 F 12.4,
1.0 (�0.1 to 0.3)

�4.6 F 6.5,
�0.3 (�1.24 to 0.7)

g-Tocopherol (Ag/dL) 133 F 72.7 �1.5 F 0.09,
�1.1 (�2.3 to 0.0)

�1.4 F 0.07k,
�0.7 (�1.7 to 3.2)

�2.1 F 0.09k,
�1.5 (�2.6 to �0.3)

IGF-I (ng/mL) 206 F 54.9{ �10.7 F 2.4**,
�2.9 (�5.1 to �0.7)

�14.7 F 3.2**,
�3.6 (�6.4 to �0.5)

�16.8 F 2.7**,
5.7 (�7.7 to �3.3)

IGFBP3 (ng/mL) 3,033 F 589{ �28.3 F 40.5,
�1.3 (�3.9 to 1.4)

2.0 F 49.3,
0.1 (�3.2 to 4.2)

�91.3 F 42.0k,
2.9 (�5.2 to 0.5)

AAG (ng/mL) 6.6 F 3.3 0.2 F 0.1,
1.5 (�0.8 to 3.9)

�0.0 F 0.1,
�1.2 (�4.5 to 2.1)

0.5 F 0.2cc,
5.5 (2.4 to 8.7)

Testosterone (ng/dL) 630 F 236{ 5.1 F 13.5,
0.1 (�3.5 to 3.7)

9.1 F 14.7,
1.4 (�2.1 to 5.1)

25.7 F 15.7,
4.7 (0.3 to 9.5)

SHBG (nmol/L) 39.4 F 22.5{ 0.4 F 0.5,
1.3 (�1.8 to 4.6)

�0.2 F 0.6,
�0.2 (�3.5 to 3.1)

�1.3 F 0.5cc,
�4.0 (�6.5 to �1.2)

*See Table 1 for descriptions of treatments.
cGeometric mean F SD, except where noted.
bMean change from treatment A F SE.
xMean percentage change from treatment A and 95% confidence interval.
kP < 0.05.
{Arithmetic mean F SD.
**P < 0.001.
ccP < 0.01.
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anticoagulant when blood samples will be used for multiple
purposes. Overall, these results suggest that in studies
requiring viable lymphocytes, delay of blood processing
beyond 32 hours without using specialized collection methods
such as acid citrate dextrose tubes is inappropriate.

We conclude that overnight shipping and centralized
processing is an acceptable approach to blood collection in
large multisite trials examining the cancer-related measures
proposed in the Selenium and Vitamin E Cancer Prevention
Trial. Longer processing delays, however, have small but
significant effects on IGF-I, IGFBP3, and testosterone, and in
studies for which precise measures of these analytes are
critical, investigators may wish to obtain repeat blood draws to
replace samples subjected to delays longer than 3 days. Finally,
lymphocyte viability is satisfactory from blood samples after
overnight shipping, but investigators planning to immortalize
lymphocytes will need repeat blood draws to replace samples
delayed for longer than 32 hours.
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