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C-reactive protein (CRP) is an acute-phase reactant whose levels increase in response to a variety of
inflammatory stimuli. Elevated levels in serum are observed after trauma, tissue necrosis, infection, surgery,
and myocardial infarction and are associated with an increased risk of cardiovascular disease. CRP levels are
also elevated in noninflammatory states, such as obesity, sleep disturbances, depression, chronic fatigue, aging,
and physical inactivity. In this study, the performance of a highly sensitive CRP enzyme immunoassay was
evaluated, along with common laboratory variables (specimen type, processing time, and storage conditions)
that may influence measured blood concentrations of CRP. The measurement range of the assay was from 0.4
to 50 pg/liter. Total imprecision (coefficient of variation) ranged from 8.1 to 11.4%. CRP levels obtained with
the enzyme immunoassay were highly correlated with those obtained with an automated immunonephelometric
assay. Comparable results were obtained for plasma (heparin and EDTA treated) and serum samples, and
levels were unaffected by delays in sample processing and storage temperature. CRP levels were also unaffected
by up to seven freeze-thaw cycles. The median CRP concentration in healthy adults was determined to be 0.94
mg/liter, with a 95% working reference interval of 0 to 6.9 mg/liter. In view of these data, we recommend that
serial serum or plasma samples for CRP should be stored at 4°C for short periods of time or at —70°C for

longer periods and tested within the same run to minimize interassay variability.

C-reactive protein (CRP) is one of several plasma proteins,
designated acute-phase reactants, whose levels rapidly increase
in response to stress, tissue injury, and a variety of inflamma-
tory stimuli. CRP was discovered in 1930 at the Rockefeller
Institute for Medical Research (32). The name is based on an
observation in the 1940s that sera from patients who had re-
covered from pneumococcal infections could form visible floc-
culates when incubated with C polysaccharide from the same
bacterium (18). CRP has a mass of 118 to 144 kDa and is
composed of five identical polypeptide subunits held together
by noncovalent interactions (10, 23). CRP is predominantly
synthesized by the liver and is regulated by proinflammatory
cytokines, primarily tumor necrosis factor alpha and interleu-
kin 6 (3, 13) During an acute-phase response, there is a rapid
increase in the production of CRP (=100-fold), resulting in the
release of elevated quantities into the circulation (48). The
plasma half-life of CRP is approximately 19 h (35).

Although its function is unclear, CRP may serve as a general
scavenger protein, recognizing and binding toxic molecules
released from damaged tissues for subsequent removal from
the circulation (11, 38). CRP binds a variety of microorganisms
and can activate the classical complement pathway, resulting in
C3b deposition on the surfaces of microorganisms (37, 43).
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Thus, CRP can play an important role in opsonization, phago-
cytosis, and cell-mediated cytotoxicity.

Because CRP is one of the most sensitive indicators of an
acute-phase reaction (increases in levels can be detected within
12 to 48 h), its levels in blood can be used to screen for organic
diseases and to monitor inflammatory and autoimmune disor-
ders. CRP is also useful for managing neonatal septicemia and
for identifying organ rejection in renal transplant recipients
(31). CRP can be elevated in noninflammatory states, such as
obesity (12, 36, 47), sleep disturbances (34), depression (1),
chronic fatigue (2), aging (15), physical inactivity (29), and
radiotherapy (4), and in persons who smoke (28, 33). In addi-
tion, numerous studies have shown that CRP is a risk factor for
cardiovascular disease and has a prognostic value for patients
with acute coronary syndrome (16, 17, 22).

The present study was undertaken to evaluate the perfor-
mance of a highly sensitive immunoassay for CRP and to
identify common laboratory variables that may influence CRP
concentrations, such as specimen type, processing time, and
specimen storage conditions.

MATERIALS AND METHODS

Specimens. Serum and plasma samples were obtained from healthy volunteers
and HIV-negative or -positive subjects participating in the Multicenter AIDS
Cohort Study (MACS) of the Natural History of AIDS at the University of
California at Los Angeles (UCLA). The protocol was approved by the institu-
tional review board for human studies at UCLA, and blood samples were ob-
tained after informed consent. Blood was collected in 10-ml glass tubes (Becton
Dickinson Vacutainer Systems, Franklin Lakes, N.J.) containing either sodium
heparin or EDTA for plasma or in plain tubes without anticoagulant for serum.
The contents of collection tubes without anticoagulant were allowed to clot at
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room temperature for 30 min. In one experiment, clotted blood was stored for
6 h at room temperature. Serum and plasma were separated and stored at either
room temperature, +4°C, or —70°C. When needed, serum samples were frozen
at —70°C and thawed at room temperature a number of times.

CRP assay. CRP was measured by a sandwich enzyme immunoassay from
Immunodiagnostik (produced in Bensheim, Germany, and distributed by
ALPCO Diagnostics, Windham, N.H.). The assay was performed according to
manufacturer instructions. Serum and plasma samples were diluted 500-fold with
sample diluent prior to analysis. One-hundred-microliter samples of calibrators
(0, 0.95, 1.9, 5.6, 16.7, 50, and 150 pg/liter), controls, and unknowns were added
to wells of a microtiter plate precoated with rabbit anti-CRP polyclonal antibod-
ies. The CRP calibrators were standardized against the international reference
preparation for plasma proteins, CRM 470. The plate was incubated for 1 h at
room temperature with shaking on a horizontal mixer. After a wash step (250 .l
of wash solution was added to each well and removed a total of five times), 100
wl of peroxidase-labeled rabbit anti-CRP antibody was added to each well; the
plate was shaken at room temperature for 1 h. After a wash step, 100 pl of
substrate (tetramethylbenizidine) was added to each well. The reaction was
stopped 10 to 20 min later by the addition of 50 wl of stop solution. The optical
density of each well was determined at 450 nm. A calibration curve was gener-
ated, and the concentrations of unknown samples were determined directly from
the calibration curve. Results were multiplied by the dilution factor (500) and
expressed in milligrams per liter.

A highly sensitive CRP assay was performed with a BNII automated system
from Dade-Behring Inc., Newark, Del. The assay uses particle-enhanced immu-
nonephelometry to quantitate CRP in serum samples. Polystyrene particles
coated with monoclonal antibodies against CRP become agglutinated when
mixed with samples containing CRP. The intensity of light scattering due to the
agglutination reaction is measured by the nephelometer and is directly related to
the CRP concentration. Samples are automatically diluted 20-fold by the instru-
ment prior to analysis. The assay was standardized against the reference prepa-
ration, CRM 470.

Statistical analysis. A four-parameter curve-fitting program (Bio-Rad Labo-
ratories, Irvine, Calif.) was used to generate the calibration curve. Deming
regression analysis was performed by using EP Evaluator software (David
Rhoads Associates, Inc., Kennett Square, Pa.). A Student paired ¢ test was used
to compare mean values and was performed by using SAS computer software
(SAS Institute, Cary, N.C.). A two-sided P value of <0.05 was considered sta-
tistically significant. A reference interval was calculated by using the Wilcoxon
rank sum test. Sigmaplot software (Jandel Corp., San Rafael, Calif.) was used to
produce all graphs.

RESULTS

Performance characteristics. A typical calibration curve for
CRP revealed that CRP concentrations were related to signal
strength (optical density) in a nonlinear fashion (Fig. 1). Ex-
cellent correlation was observed, with an adjusted r value of
0.997. Mean values for calibrators (based on duplicate testing)
had coefficients of variation (CVs) that were usually =10%.
The zero standard had a mean optical density reading (n = 10
in a single run) of 0.032, with a standard deviation (SD) of
0.005. Based on these findings, the detection limit of the assay
was conservatively defined at 0.4 pg/liter. Unknown samples
were routinely diluted 500-fold prior to analysis so that CRP
concentrations would fall between 0.4 and 50 pg/liter.

Assay parallelism was evaluated by performing dilution re-
covery analyses with 10 serum samples and different CRP con-
centrations. Depending on the starting CRP concentration,
four to six serial twofold dilutions of sera were made before
testing. CRP concentrations spanned the working range of the
dose-response curve and ranged from 84.0 to 0.4 pg/liter. In-
terdilution CVs for the 10 samples ranged from 4.6 to 10.2%
(mean CV, 6.6%), indicating acceptable performance based on
a CV limit of =15%. The slope of the curves ranged from 0.99
to 1.07, with a mean slope of 1.03.

Within-run and total imprecision of the CRP assay was eval-
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FIG. 1. Dose-response curve for the highly sensitive Immunodiag-
nostik CRP immunoassay. Each calibrator was tested in duplicate. SD
bars are shown. The broken line is the mean optical density reading for
the zero standard (n = 10) plus 2 SDs.

uated by using commercial controls (provided with the assay)
and in-house serum pools. Within-run (intra-assay) CVs for
serum pools were 5.7 and 5.6% at mean concentrations of 4.7
and 2.6 mg/liter, respectively (Fig. 2A). Total imprecision (in-
terassay) CVs for commercial controls during a 12-day period
were 8.1 and 11.4% at mean concentrations of 24.8 and 2.8
pg/liter, respectively (Fig. 2B). Taken together, these data in-
dicate that the enzyme immunoassay has acceptable perfor-
mance for routine clinical monitoring of CRP levels.
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FIG. 2. Within-run and total imprecision of the highly sensitive
Immunodiagnostik CRP immunoassay. (A) Serum pools were ana-
lyzed nine times during the same analytical run. (B) Commercial con-
trols (provided in the assay kit) were tested in duplicate on 12 different
days.
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FIG. 3. Deming regression analysis of CRP levels obtained by the
manual enzyme immunoassay (EIA) (Immunodiagnostik) and an au-
tomated nephelometric assay (Dade-Behring). A total of 30 serum
samples from healthy donors were analyzed. Sy, SD of the residuals.

Correlation studies. CRP results obtained by the enzyme
immunoassay were compared to results obtained by using the
Dade-Behring BNII nephelometer. The BNII nephelometer is
an automated immunoanalyzer that is routinely used in the
clinical laboratory at the UCLA Medical Center to quantitate
CRP serum levels and stratify patients at risk for cardiovascu-
lar disease. As shown in Fig. 3, a total of 30 serum samples
were analyzed by both methods for CRP at concentrations
ranging from 0.2 to 3.6 mg/liter, according to the BNII neph-
elometer. Deming regression analysis revealed excellent cor-
relation based on a slope of 0.95, a y intercept of 0.05, an r
value of 0.987, and an SD of the residuals (S,,,) of 0.16. These
data indicate that the enzyme immunoassay is properly cali-
brated and does not suffer from analytical bias.

Influence of sample types on CRP levels. To determine the
effects of various anticoagulants on blood CRP levels, serum,
heparinized plasma, and EDTA-treated plasma samples were
collected from the same donor and tested for CRP in the same
assay. As shown in Fig. 4, CRP levels in heparin- and ETDA-
treated plasma samples were not significantly different from
those in serum samples. Mean CRP levels were 1.86 mg/liter
for serum, 1.82 mg/liter for heparinized plasma, and 1.75 mg/
liter for EDTA-treated plasma.

Influence of processing and storage variables on CRP levels.
Many analyte concentrations are altered when serum is left in
contact with erythrocytes after clot formation. To investigate
whether a delay in processing would alter serum CRP concen-
trations, clotted blood was left at room temperature for 6 h
before the serum was removed from the clotted blood. As
shown in Fig. 5, a delay of 6 h in separating the serum from the
cells did not result in a significant change in CRP levels com-
pared to separation after 1 h. Mean CRP concentrations were
2.74 (1 h) and 2.59 (6 h) mg/liter.

To determine the influence of storage temperature on CRP
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FIG. 4. Plasma samples can be used to measure CRP concentra-
tions. Circles represent percent differences in CRP values for heparin-
or EDTA-treated plasma samples compared to serum samples (n =
17). The lines represent the mean percent differences for the different
types of plasma and serum. No significant difference was observed for
CRP values in heparin-treated plasma versus serum (P = 0.38) or
EDTA-treated plasma versus serum (P = 0.13).

stability, serum samples were split into three aliquots and
stored at room temperature (20 to 25°C), refrigerated (4°C),
and frozen (—70°C) for 3 weeks. The samples were then
brought to room temperature (refrigerated and frozen sam-
ples) and tested for CRP. As shown in Fig. 6, CRP levels in
specimens stored at room temperature and refrigerated were
not significantly different from those in specimens stored at
—70°C. Mean CRP concentrations in samples stored frozen,
refrigerated, and at room temperature were 4.72, 4.71, and
5.04 mg/liter, respectively.

We next investigated the stability of CRP in serum samples
after multiple freeze-thaw cycles. As shown in Fig. 7, CRP
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FIG. 5. CRP concentrations are not affected by delays in specimen
processing. Circles represent differences in CRP values (n = 15) for
clotted blood samples that were stored at room temperature (RT) for
6 h compared to 1 h prior to centrifugation and separation of serum.
The mean difference is shown as a solid line. The broken lines repre-
sent =1 SD.
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FIG. 6. Serum samples can be stored at room temperature or re-
frigerated without affecting CRP concentrations. Circles represent per-
cent differences in CRP values for samples (z = 19) stored at room
temperature (RT or Room Temp.) or refrigerated compared to sam-
ples stored frozen at —70°C for 3 weeks. The lines represent the mean
percent differences under different storage conditions. No significant
difference was observed for CRP values in samples stored at room
temperature versus frozen (P = 0.14) or refrigerated versus frozen (P
= 0.95).

levels after 3, 7, and 10 freeze-thaw cycles were not significantly
different from those obtained after a single freeze-thaw cycle.
Mean concentrations after various numbers of freeze-thaw cy-
cles were as follows: 1 cycle, 2.66 mg/liter; 3 cycles, 2.58 mg/
liter; 7 cycles, 2.43 mg/liter; and 10 cycles, 1.89 mg/liter. Al-
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FIG. 7. Serum samples can undergo multiple freeze-thaw cycles
without affecting CRP concentrations. Circles represent percent dif-
ferences in CRP values for samples (n = 15) undergoing 3, 7, or 10
freeze-thaw cycles compared to one freeze-thaw cycle. The lines rep-
resent the mean percent differences for multiple freeze-thaw cycles.
No significant difference was observed for CRP values in samples
undergoing 3 (P = 0.35), 7 (P = 0.21), or 10 (P = 0.23) freeze-thaw
cycles.
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FIG. 8. Frequency distribution of serum CRP concentrations for 62
healthy donors ranging from 20 to 64 years old. Five individuals had
CRP concentrations below the detection limit of 0.2 mg/liter. CRP
concentrations of 17.2 and 19.4 mg/liter were identified as outliers (by
using the interquartile range computation method) and were not used
when calculating the 95% reference interval.

though differences in CRP levels after 3 to 10 freeze-thaw
cycles were not statistically different, a few samples had con-
siderably lower levels after 10 cycles, indicating that refreezing
of serum samples should be minimized and not exceed 7 cycles.

Reference range study. To establish a working adult refer-
ence interval, CRP concentrations in serum samples from 62
apparently healthy donors (44 men and 18 women) ranging
from 20 to 64 years old were determined. Five of the samples
had CRP levels below 0.2 mg/liter (detection limit of 0.4 g/
liter times a dilution factor of 500). Analysis of the data re-
vealed a non-Gaussian distribution (Fig. 8). The median levels
for men (0.92 mg/liter) and women (1.05 mg/liter) were not
statistically different, as determined by the Wilcoxon rank sum
test (P = 0.65). The median CRP level for both women and
men combined was 0.94 mg/liter (range, 0 to 9.2 mg/liter), with
a 95% reference interval of 0 to 6.9 mg/liter.

DISCUSSION

CRP is one of the most sensitive acute-phase proteins and
has been traditionally used for diagnosing and monitoring in-
fections and various autoimmune disorders. However, the
lower limit of detection of CRP assays of about 2 mg/liter has
severely limited the clinical usefulness of such assays. Recent
improvements in assay development have resulted in a new
generation of highly sensitive assays that can detect CRP at
levels 100-fold lower than earlier assays. Highly sensitive CRP
assays are based on either immunonephelometric (5, 27, 41),
immunoturbidimetric (41), immunoluminometric (14), micro-
particle enzyme immunoassay (6, 42, 44), or sandwich immu-
noassay (39) technologies. Recent studies have provided evi-
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dence that elevations of CRP within the normal reference
range are associated with an increased risk for cardiovascular
disease (7, 9, 16, 17). Furthermore, studies have shown that
CRP has prognostic value in patients with acute coronary syn-
drome and can predict future cardiovascular events in patients
considered at low risk (20, 22, 24, 25, 30, 40, 46). In view of the
emerging role of CRP in cardiovascular disease, it is important
that preanalytical variables that can adversely affect CRP con-
centrations in blood samples be identified.

Common laboratory variables, such as specimen type, delays
in specimen processing, and storage temperature, can dramat-
ically influence measured levels of many analytes. In this study,
we examined the influence of several preanalytical variables on
CRP levels and found that serum versus plasma, delays of up
to 6 h in specimen processing, and storage conditions had little
effect on CRP concentrations when measured by a sandwich
enzyme immunoassay. In addition, serum samples could un-
dergo up to seven freeze-thaw cycles without a significant ad-
verse effect on CRP levels. However, after 10 freeze-thaw
cycles, a few samples had considerably lower CRP levels than
those undergoing a single freeze-thaw cycle (>30% difference)
(Fig. 7), indicating that multiple freeze-thaw cycles should be
kept to a minimum. Consistent with our findings, Macy et al.
found that serum and plasma (EDTA and citrate treated)
yielded comparable CRP results and that samples were stable
after four freeze-thaw cycles when measured by an in-house
competitive immunoassay (19). Taken together, these data in-
dicate that CRP is remarkably stable under different specimen
processing conditions and storage conditions for several weeks.
The influence of different specimen types on CRP levels may
vary depending on the assay configuration and should be val-
idated at the beginning of any research project.

An adult reference range study was performed by using 62
serum samples from healthy volunteers. Because donor histo-
ries were not obtained, we were unable to exclude donors who
smoked, took oral contraceptives or other medications, or had
low-grade infections that would influence CRP levels (26). As
expected, the distribution of CRP levels was non-Gaussian and
skewed to the left, in agreement with other studies measuring
CRP by other assay formats (19, 21, 27, 45). Although the
number of female donors was small in our reference range
study (n = 12), median CRP levels were similar for both sexes.
A median CRP level of 0.94 mg/liter was obtained, with a 95%
reference interval of 0.0 to 6.9 mg/liter. The latter is similar to
the reference interval of 0.08 to 3.11 mg/liter that was obtained
by Macy et al. with an in-house competitive immunoassay (19).
Many of the reference interval studies performed by nepholo-
metric, turbidimetric, and microparticle enzyme immunoassay
techniques have reported reference intervals with a consider-
ably higher upper limit, ranging from 5.2 to 14.7 mg/liter (8,
21). Differences in assay format and calibration as well as the
selected donor population may account for some of these dif-
ferences in published reference range studies.

In summary, we found that specimen type (serum and plas-
ma), delays of up to 6 h in specimen processing, and storage
temperature had no effect on measured CRP concentrations.
Furthermore, CRP was stable in frozen samples and could
withstand up to seven freeze-thaw cycles. In view of these data
and those of other studies, we recommend that serial serum or
plasma samples should be kept at —70°C if they need to be
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stored for more than a few weeks and batch analyzed to min-
imize assay imprecision. The high sensitivity of the CRP assay
may make it particularly useful for predicting increased risk for
cardiovascular disease.
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