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Abstract
Background: An increasing number of epidemiologic studies are investigating the relationship between serum levels of insulin-like
growth factor-I (IGF-I) and IGF binding proteins (IGFBPs) and risk of cancer, cardiovascular disease, and other diseases. However, little is known regarding the eﬀects of blood specimen processing time on measured levels of total and free IGF-I, and on
IGFBP-3, the major binding protein.
Design: Two serum separation tubes were collected from each of 12 subjects. One tube was centrifuged as soon as possible following
blood collection (a mean of 47 min; range = 30–80 min), and serum aliquots were placed into 70 °C storage either shortly after
centrifugation, or following 2, 4, 10, or 24 h at ambient temperature (measured from the time of blood draw). The second serum
separation tube was maintained at ambient temperature for 24 h before centrifugation and freezing. Total IGF-I, free IGF-I,
and IGFBP-3 levels were determined using commercial enzyme linked immunosorbent assays (ELISAs) commonly employed in epidemiologic studies. The eﬀects of time until centrifugation and freezing on seroassay results were evaluated using generalized estimating equation (GEE) linear regression models and Spearman correlation.
Results: Total IGF-I and IGFBP-3 levels did not vary signiﬁcantly with the amount of time at ambient temperature following centrifugation, even up to 24 h, in blood specimens that were centrifuged soon after collection (all pv2 > 0:10). However, free IGF-I
levels increased signiﬁcantly with increasing time intervals between centrifugation and freezing in these same specimens
(ptrend < 0.001). Total IGF-I/IGFBP-3 molar ratio, a crude measure of free IGF-I levels, showed no clear association. In blood specimens that were not centrifuged for 24 h, total IGF-I, free IGF-I, and IGFBP-3 were each signiﬁcantly elevated (each pv2 < 0:001)
compared with results in blood specimens that were centrifuged and frozen soon after collection, whereas the total IGF-I/IGFBP-3
molar ratio was decreased ðpv2 < 0:001Þ. Nonetheless, all total IGF-I, free IGF-I, IGFBP-3, and total IGF-I/IGBFBP-3 molar ratio
values altered by delays in processing were highly correlated with the values in specimens processed as soon as possible (all Spearman rank correlation coeﬃcients P0.84).
Conclusions: Total IGF-I and IGFBP-3 can be fairly stably measured in serum with commonly used commercial assays regardless of
the interval between blood collection and freezing, up to at least 24 h, as long as centrifugation and serum aliquoting take place
shortly after blood collection. Free IGF-I levels, however, increase steadily with the time interval until freezing, even if serum
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separation has been completed soon after blood collection. Because the altered serum values are highly correlated with the referent
values, analysis of total IGF-I, free IGF-I, IGFBP-3, and total IGF-I/IGFBP-3 molar ratio data by quartile might help mitigate
concerns regarding the eﬀects of delays in processing time.
Ó 2006 Elsevier Ltd. All rights reserved.
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1. Introduction
Mounting evidence suggests that high serum insulinlike growth factor-I (IGF-I) levels are associated with
increased risks of colorectal, breast, and several other
common cancers [1,2]. IGF-I may also be associated
with risk of cardiovascular disease, albeit the nature of
this association, if any, remains unclear [3–5]. To better
understand these relationships, an increasing number of
molecular epidemiologic studies are measuring IGF-I
and IGF binding proteins (IGFBPs) in serum. In ﬁeld
studies, such as these, there may often be considerable
time delays between the collection and centrifugation
and freezing of blood specimens. Two common scenarios in epidemiologic studies are that: (i) blood specimens
are centrifuged onsite to separate serum soon after
blood collection, but the separated serum aliquots
remain at ambient temperature for some period of time
before reaching a storage facility where they are then
frozen and (ii) blood specimens are held or shipped overnight before being centrifuged and frozen at a storage
facility. Little is known, however, regarding the eﬀects
of delays in blood specimen processing on the measured
serum levels of IGF-I and IGFBP-3 (the protein which
binds most of the IGF-I in circulation [1]). To address
this issue, we varied the time intervals between the collection of blood, centrifugation, and freezing, and
assessed the impact of this on levels of total IGF-I,
unbound or ‘‘free’’ IGF-I, which is commonly thought
to be the main bioactive component of IGF-I [6–8],
and IGFBP-3, as measured using a brand of commercial
seroassays that has been commonly employed in epidemiologic studies [9–13].

2. Materials and methods
2.1. Subjects and specimens
Sequential patients (n = 11) who presented for diagnostic coronary angiography, during November and
December, 2002 at a hospital-based referral center in
the Bronx, NY were recruited as subjects. Eligibility
was restricted to men and women 30–79 years of age.
Patients were excluded if they had New York Heart
Association Class III or IV heart failure, renal failure,
hepatic disease, or cancer (other than skin cancer).

One healthy 46 year-old female volunteer was also
enrolled to assess whether similar results were observed
in an entirely healthy individual.
Sociodemographic data and medical history were
obtained using a structured interview conducted by a
trained research nurse and by medical record review.
Prior to angiography, two venous blood samples were
collected in serum separation tubes (SSTTM tubes; BD
Vacutainer Systems, Franklin Lakes, NJ). One of the
two SSTTM tubes from each subject was centrifuged as
soon as possible following blood collection (a mean of
47 min; range = 30–80 min), and the resulting serum
was then pipetted into 0.5 mL aliquots. One of the
serum aliquots was placed into 70 °C storage shortly
after centrifugation, delayed only by the time required
to aliquot and label specimens (a mean of 28 min following centrifugation; each less than 35 min except one of
65 min), while the other serum aliquots were maintained
at ambient room temperature before being placed into
70 °C storage at 2, 4, 10, and 24 h following blood
draw. The second SSTTM blood specimen was maintained at ambient room temperature for 24 h, at which
point the specimen was centrifuged, and 0.5 mL aliquots
from the resulting serum specimen were placed into storage at 70 °C. The frozen specimens were later shipped
overnight on dry ice to the testing laboratory (HY). This
study was approved by the institutional review boards at
Albert Einstein College of Medicine and Monteﬁore
Medical Center.
2.2. IGF assays
Concentrations of total IGF-I, free IGF-I, and
IGFBP-3 in serum were determined using commercially
available enzyme linked immunosorbent assays
(ELISAs) from Diagnostic Systems Laboratories, Inc.
(DSL; Webster, TX) [9,13]. The total IGF-I (DSL kit
#10-2800), free IGF-I (DSL kit #10-9400), and
IGFBP-3 (DSL kit #10-6600) assays were conducted
in speciﬁc accordance with the manufacturer’s recommendations. All specimens were tested as part of a single
batch, using three separate ELISA kits from a single
manufacturer’s production lot for each biomarker.
Specimens were tested in replicate with each pair of replicates tested on the same assay plate in sequential wells
to avoid between-plate variation. The mean value for
each pair of replicates was used as the result in each
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assay. Any samples with disparate values, deﬁned as a
coeﬃcient of variation (CV) greater than 10%, were
repeated and any plates with quality control samples
that had values outside the expected range were also
repeated. Previous testing by our laboratory of 45
batches of samples that included masked duplicate aliquots found that the CVs between and within batches,
respectively, were 3.605% and 4.900% for total IGF-I,
9.849% and 16.956% for free IGF-I, and 4.182% and
5.545% for IGFBP-3 (data not shown).
2.3. Statistical analysis
Total IGF-I, free IGF-I, and IGFBP-3 test results
were plotted separately for each subject, according to
the time intervals between blood collection, centrifugation, and freezing. To more formally assess the eﬀects
of time until centrifugation and freezing on seroassay
results, we used generalized estimating equation (GEE)
linear regression models [14], with the seroassay results
modeled as continuous outcomes. The time interval
until freezing was modeled as a categorical variable
and the reference period set as freezing shortly following
centrifugation. We additionally modeled the time until
freezing as an ordered variable to assess the overall linear trend in assay results with increasing time until freezing. To adjust the standard errors for repeated
observations per subject, each GEE model employed
an independent correlation structure and we used standard errors which were robust to the correlation structure imposed [15]. Furthermore, each GEE model was
repeated using assay values that were ‘‘standardized’’
by subtracting the mean assay value and then dividing
by the standard deviation (SD) in order to make the test
data analytically similar across the assays. Interestingly,
the total IGF-I/IGBP-3 molar ratio has been used in
some epidemiologic studies as an estimate of the level
of free (bioactive) IGF-I, since IGFBP-3 binds approximately 80% of IGF-I in circulation. Although this
molar ratio is a crude and indirect measure of free
IGF-I levels, because it does not account for several
other IGFBPs, we used GEE to evaluate the eﬀects of
delays in specimen processing on its values, given the
usage of total IGF-I/IGFBP-3 molar ratio in the literature. Correlations between serum values were assessed
using the Spearman rank correlation coeﬃcient. All
analyses were performed using Stata Statistical Software
(Release 8.2).

3. Results
The 12 subjects had an average age of 63 years (range
41–79). Six subjects were female, four were Caucasian,
six were African American, and two were Hispanic.
Four subjects had diabetes. The healthy female volun-

teer had a similar time pattern to her assay results as
those observed in the angiography patients, and therefore her data were included in our analysis.
3.1. Total IGF-I
The reference serum specimens (i.e., blood centrifuged soon after collection and frozen shortly thereafter)
had a mean total IGF-I level of 334.4 ng/mL
(SD = 105.0). There was no association between total
IGF-I levels and time until freezing in serum aliquots
that, like the reference serum samples, were from specimens centrifuged soon after blood collection (all
pv2 > 0:20; Table 1 and Fig. 1A). However, in aliquots
that were not centrifuged for 24 h, the mean total
IGF-I level was higher by 23.6 ng/mL, or 0.21 SDs,
compared with the reference aliquots ðpv2 < 0:001Þ
(Table 1).
3.2. Free IGF-I
The reference serum samples had a mean free IGF-I
level of 0.25 ng/mL (SD = 0.15). Free IGF-I levels
increased with the time until freezing in serum from
specimens centrifuged soon after blood collection
(ptrend < 0.001; Table 1 and Fig. 1B). Free IGF-I levels
were higher by 0.69 SDs after 10 h at ambient temperature, and by 1.47 SDs after 24 h at ambient temperature.
Compared with the reference serum samples, serum
from blood specimens that were not centrifuged for
24 h also had signiﬁcantly elevated levels of free IGF-I
by 1.27 SDs ðpv2 < 0:001Þ (Table 1).
3.3. IGFBP-3
The reference serum samples had a mean IGFBP-3 of
3750.9 ng/mL (SD = 1075.8). There was no overall association (ptrend = 0.20) between IGFBP-3 levels and time
until freezing in serum from specimens centrifuged soon
after blood collection (Table 1 and Fig. 1C); albeit,
IGFBP-3 levels were slightly, non-signiﬁcantly higher
(all increases were less than 6.7%) with delayed freezing
following centrifugation. Serum from blood specimens
that were not centrifuged for 24 h had a signiﬁcantly
higher total IGFBP-3 level (by 0.78 SDs) than the reference serum ðpv2 < 0:001Þ (Table 1).
3.4. Total IGF-I/IGFBP-3 molar ratio
The reference serum samples had a mean total IGFI/IGFBP-3 molar ratio of 0.093 (SD = 0.028). Similar
to the ﬁndings for total IGF-I and IGFBP-3 individually (above and Table 1), the molar ratio had no significant overall association with time to freezing in serum
from specimens that were centrifuged soon after blood
collection (ptrend = 0.16) (Table 1). We note, however,
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Table 1
Linear regression results for the eﬀects of delaying serum separation and freezing on total IGF-I, free IGF-I, and IGFBP-3
Assay

Total IGF-I
Reference periodd
2h
4h
10 h
24 h
Not centrifuged for 24 h
Free IGF-I
Reference periodd
2h
4h
10 h
24 h
Not centrifuged for 24 h
IGFBP-3
Reference periodd
2h
4h
10 h
24 h
Not centrifuged for 24 h
Total IGF-I / IGFBP-3 molar ratio
Reference periodd
2h
4h
10 h
24 h
Not centrifuged for 24 h
a
b
c
d

Mean (SD)a

b coeﬃcient using
non-standardized
values (95% CI)

b coeﬃcient using
standardized values
(95% CI)b

pv2

Ref.
5.5 (3.7, 14.7)
2.9 (5.0, 10.9)
0.4 (7.9, 7.1)
2.1 (10.6, 14.8)
23.6 (12.8, 34.4)

Ref.
0.05 (0.03, 0.13)
0.03 (0.04, 0.10)
0.00 (0.07, 0.06)
0.02 (0.09, 0.13)
0.21 (0.11, 0.30)

Ref.
0.24
0.47
0.92
0.75
<0.001

Ref.
0.01 (0.03, 0.05)
0.02 (0.01, 0.05)
0.14 (0.09, 0.20)
0.30 (0.19, 0.42)
0.26 (0.14, 0.38)

Ref.
0.05 (0.15, 0.24)
0.11 (0.05, 0.27)
0.69 (0.41, 0.97)
1.47 (0.91, 2.03)
1.27 (0.69, 1.85)

Ref.
0.63
0.18
<0.001
<0.001
<0.001

Ref.
82.1
143.8
121.5
247.9
745.2

Ref.
0.09 (0.19, 0.36)
0.15 (0.05, 0.35)
0.13 (0.06, 0.31)
0.26 (0.11, 0.63)
0.78 (0.41, 1.16)

Ref.
0.53
0.14
0.17
0.17
<0.001

Ref.
0.09
0.23
0.19
0.25
0.40

Ref.
0.36
0.12
0.03
0.09
<0.001

ptrendc

0.88
334.4
339.8
337.3
333.9
336.5
357.9

(105.0)
(118.6)
(112.5)
(108.3)
(118.0)
(118.5)

<0.001
0.25
0.26
0.27
0.39
0.55
0.51

(0.15)
(0.16)
(0.14)
(0.22)
(0.31)
(0.31)

0.20
3750.9
3833.0
3894.8
3872.4
3998.9
4496.2

(1075.8)
(945.3)
(838.3)
(946.5)
(1001.6)
(1184.5)

(176.0, 340.1)
(48.0, 335.7)
(53.1, 296.0)
(104.7, 600.6)
(388.2, 1102.3)

0.16
0.093
0.091
0.087
0.088
0.087
0.083

(0.028)
(0.027)
(0.023)
(0.025)
(0.027)
(0.026)

Ref.
0.002
0.006
0.005
0.006
0.010

(0.007,
(0.013,
(0.009,
(0.014,
(0.015,

0.003)
0.001)
0.0004)
0.001)
0.005)

(0.28,
(0.51,
(0.36,
(0.54,
(0.61,

0.10)
0.06)
0.02)
0.04)
0.19)

Units are ng/mL.
Standardized values were created by subtracting the mean and then dividing by the standard deviation.
Excludes the specimens that were not centrifuged for 24 h.
The reference period serum specimens were from blood centrifuged soon after collection, and frozen shortly thereafter.

that compared with the reference value, the molar
ratios were on average slightly reduced with delayed
freezing (each reduction was less than 6.5%), and at
10 h (but only 10 h) the reduction (5.4%) was statistically signiﬁcantly ðpv2 ¼ 0:03Þ. These reductions were
mainly explained by the small non-signiﬁcant variations in IGFBP-3 levels (above). Delaying centrifugation for 24 h resulted in a signiﬁcant decrease in the
molar ratio (by 0.40 SDs) compared to the reference
serum ðpv2 < 0:001Þ, a decrease that was mainly
explained by a greater average increase in IGFBP-3
(19.9%) than total IGF-I (7.0%) levels with delayed
centrifugation.

reference serum sample values were 0.98 (95%
CI = 0.93, 0.99) for total IGF-I; 0.85 (95% CI = 0.53,
0.96) for free IGF-I; 0.84 (95% CI = 0.51, 0.95) for
IGFBP-3; and 0.92 (95% CI = 0.74, 0.98) for total
IGF-I/IGFBP-3 molar ratio. For specimens centrifuged
but not frozen for varied periods of time, free IGF-I values were shown (above) to vary from the reference values, but they were still highly correlated with reference
values; the correlation of the reference values with those
from specimens that remained unfrozen for 10 h was
0.90 (95% CI = 0.67, 0.97), and it was 0.87 (95%
CI = 0.58, 0.96) for those that remained unfrozen for
24 h.

3.5. Correlations
4. Discussion
We examined whether the total IGF-I, free IGF-I,
and IGFBP-3 values in the serum samples that were
not immediately centrifuged and frozen remained correlated with the reference serum sample values. For specimens not centrifuged for 24 h, the correlations with the

In this study, we found that total serum IGF-I and
IGFBP-3 levels, measured using commercial seroassays
that are commonly employed in epidemiologic studies,
were not signiﬁcantly aﬀected by the period of time that
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Fig. 1. Eﬀect of delaying serum separation and freezing on total IGF-I (A), free IGF-I (B), and IGFBP-3 (C) results. *Ref. pd, reference period
serum specimens were from blood centrifuged soon after collection, and frozen shortly thereafter.

the serum samples were held at ambient temperature
prior to freezing, up to at least 24 h, as long as the blood
specimens were centrifuged and the serum aliquoted
soon after blood collection. In contrast, in these same
serum samples, free IGF-I levels showed a statistically
signiﬁcant increase with the period of time that the samples were held at ambient temperature prior to freezing.
One possible explanation for why free IGF-I was significantly aﬀected by the amount of time at ambient temperature, and total IGF-I and IGFBP-3 were not, is
that a delay in freezing might lead to increased dissociation of IGF-I from its binding proteins. If so, delays
in processing and freezing blood specimens would be
likely to cause overestimation of the true free IGF-I
levels in serum regardless of the seroassay system utilized. Total IGF-I/IGFBP-3 molar ratio, which is a
crude and indirect measure of free IGF-I levels that

was associated with cancer in some previous studies
[13,16–18], was either unchanged or only slightly
(<6.5%) reduced by delays in freezing following centrifugation. We also observed that serum from blood specimens that were not centrifuged for 24 h had
signiﬁcantly higher levels of total IGF-I, free IGF-I,
IGFBP-3, but lower total IGF-I/IGFBP-3 molar ratio
values than the reference serum aliquots. The reduction
in total IGF-I/IGFBP-3 molar ratio was explained by a
greater average increase in IGFBP-3 than total IGF-I
values. Based on these results, further studies are needed
to better determine how soon specimens must be centrifuged following collection before there is an eﬀect on
total IGF-I, free IGF-I, and IGFBP-3 levels, and to
measure the size of these eﬀects per unit time.
Despite the observed time-dependent changes in total
IGF-I, free IGF-I, IGFBP-3, and total IGF-I/IGFBP-3
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molar ratio values, their measured values always
remained highly correlated with the reference serum values. When categorized by quartile (or tertile, etc.), therefore, most patients would be correctly stratiﬁed.
Moreover, by collapsing IGF-I and IGFBP-3 results
and their molar ratio into quartiles the eﬀects of inconsistent specimen processing time will be reduced. As
long as the delay in centrifugation and freezing is
roughly similar for all subjects, epidemiologic studies
can mitigate the potential eﬀects of variations in specimen processing time on their ﬁndings by analyzing
serum IGF-I and IGFBP-3 by quartile. Thus, it is critical that there be a standard protocol that includes a time
table for the processing of all blood specimens. Fortunately, this is already common in the ﬁeld, even though
the speciﬁc concerns above were not, to our knowledge,
previously taken into consideration. On the other hand,
when studying weak associations (e.g., low relative risks)
the small amount of residual misclassiﬁcation could still
be a problem, and great care will need to be taken to
process serum specimens in a ﬁxed time frame.
There are only limited prior data addressing the
eﬀects of delayed centrifugation and freezing of blood
specimens on IGF-I and IGFBP-3 seroassay results. A
study by Kristal et al. [19] that tested plasma samples
using the same commercial ELISAs as in our study
found that delays in centrifugation and freezing of
refrigerated specimens up to 32, 72, and 144 h resulted
in small signiﬁcant decreases in total IGF-I and a
delay of up to 144 h also resulted in a small signiﬁcant
decrease in IGFBP-3. However, as in our analysis, the
results from the delayed specimens were highly correlated with those from specimens processed immediately. In two other studies that also tested plasma,
Hankinson et al. [12] (using the same commercial ELISAs) and Jane Ellis et al. [20] (using a radioimmunoassay), found that delays in centrifugation and
freezing up to 36 h [12] and 24 h [12,20], respectively,
had no eﬀect on the measured total IGF-I and
IGFBP-3 levels. Thus, there have been conﬂicting
prior ﬁndings regarding the eﬀects of specimen processing delays of 24 h or more. Our study is the ﬁrst,
to our knowledge, to examine the eﬀects of delays in
specimen processing of less than 24 h.
In this investigation, all IGF assays were performed
in serum, and therefore we were unable to address
whether the impact of specimen processing on assay
results may diﬀer between serum and plasma. Indeed,
several studies [21–24] have reported diﬀerences in
absolute IGF-I (and IGFBP) levels measured in paired
serum and plasma specimens and in paired plasma
specimens with diﬀerent types of anti-coagulant,
although the levels are highly correlated between each
of the specimen types [21,22]. The biologic basis for
the systematic diﬀerences in IGF-I and IGFBP results
obtained using serum versus plasma are not known,
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but could involve diﬀerences in their protein content,
as well as the characteristics of the anti-coagulants
used in the collection of plasma. For example, certain
IGFBPs may bind heparin, a common anti-coagulant
[25,26]. Khosravi et al. [24] found that free IGF-I levels following storage overnight at room temperature
were increased 2.6-fold in serum and 1.8-fold in heparinized plasma compared to the levels in fresh specimens. Of note, the investigators also found that there
was an increase in free IGFBP-3, supporting our
hypothesis that the increase in free IGF-I levels with
delayed specimen processing may have reﬂected an
increase in its disassociation from IGFBP-3 when left
at ambient temperature. In the same study, free
IGF-I levels measured in EDTA plasma were not
appreciably diﬀerent in the fresh and overnight stored
specimens. Another limitation is that our study did not
examine whether high versus low biomarker levels
were more aﬀected by processing time. If high values
are less aﬀected by processing time than low values,
then the high values will be more precisely measured
and less misclassiﬁed (or vice versa if low values are
more precisely measured). An analysis of this type
would require a much greater sample size than
obtained in our investigation.
In conclusion, the results of our study indicate that if
serum separation tubes are centrifuged soon after blood
collection, total IGF-I and IGFBP-3 can be fairly stably
measured using a commonly employed brand of commercial assays, regardless of the interval between blood
collection and freezing, up to at least 24 h. However,
free IGF-I levels increase progressively with the time
interval between blood collection and freezing, even in
blood specimens that are centrifuged soon after blood
collection. Waiting for 24 h until centrifugation and
freezing leads to increased levels of all three biomarkers.
These eﬀects need to be taken into account when planning the processing of blood specimens for epidemiologic studies of IGFs, but analysis of total IGF-I, free
IGF-I, and IGFBP-3 data by quartile can mitigate some
concerns regarding the eﬀects of delays in processing
time, as long as the delay is similar for all patients. More
generally, it is essential that the eﬀects of delays in processing and freezing on the biomarkers of interest be
evaluated prior to embarking upon epidemiologic and
clinical investigations.
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