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Abstract

BACKGROUND—Studies of disease associations with y' fibrinogen, a newly-emerging risk
factor for cardiovascular disease, have been hampered by the lack of a standardized and well-
characterized assay.

METHODS—We developed an immunometric technique to measure y' fibrinogen concentrations
in plasma, and studied the clinical utility of this test in samples from healthy individuals enrolled
in the Framingham Offspring Study and in a separate case/control study of coronary artery
disease. Monoclonal antibody 2.G2.H9 specific for the unique carboxyl terminal peptide of the
fibrinogen y' chain was used as capture antibody. Sheep anti-human fibrinogen/horseradish
peroxidase conjugate was used for detection, with 3,3',5,5'-tetramethylbenzidine as substrate. We
evaluated the linearity, imprecision, analytical specificity, and lower limit of quantification of the
assay. The reference interval for y' fibrinogen was determined in healthy individuals from the
Framingham Offspring Study (n=2,879), and associations between ' fibrinogen and
cardiovascular disease risk factors were quantified. The sensitivity and specificity of y' fibrinogen
in evaluating CAD patients (n=133) was determined with receiver-operating characteristic (ROC)
curve analysis.

RESULTS—The y' fibrinogen ELISA had within-run CVs of 13.4% at 0.127 g/L and 4.8% at
0.416 g/L. The limit of quantification at an imprecision of 20% was 0.10 g/L. The reference
interval for healthy individuals was 0.088 to 0.551 g/L. ROC curve analysis of results from
patients with coronary artery disease yielded an area under the curve of 0.76, with a diagnostic
accuracy of 0.78 at a decision threshold of 0.30 g/L.

CONCLUSIONS—y' fibrinogen shows excellent utility for cardiovascular risk analysis.
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Introduction

Fibrinogen has a well-documented association with cardiovascular disease; plasma
concentrations of total fibrinogen show a strong relationship with myocardial infarction and
stroke (1). However, fibrinogen is a heterogeneous mixture of isoforms with varying relative
proportions. Alternative mMRNA processing and post-translational modifications give rise to
several different fibrinogen isoforms with widely varying characteristics (2). In addition,
since fibrinogen is a six-chain molecule containing two copies each of the Aa, Bf, and y
chains, various combinations of altered chains can be assembled, particularly in fibrinogens
resulting from heterozygous polymorphisms or mutations (3).

The fibrinogen y chain has two isoforms, the yA (or simply y) isoform and the y' (or yB)
isoform (4). The y' isoform arises from alternative mRNA processing (5,6) that results in the
substitution of the carboxyl terminal four amino acids with a different twenty amino acid
sequence. The ' chain is usually paired with the more common yA chain. y' fibrinogen
typically constitutes approximately 10% of total fibrinogen in plasma, although this
percentage can vary widely among individuals (7,8).

v' fibrinogen has several biochemical and biophysical properties that distinguish it from the
more common yA isoform. Clots made from fibrinogen containing y' chains in the presence
of factor X111 are highly resistant to fibrinolysis (9-11). In addition, the y' chain contains a

binding site for thrombin (12-16), and clots made from y' fibrinogen have been reported to

have an altered clot architecture (11,17,18).

Possibly as a result of these properties, recent studies suggest that y' fibrinogen is a risk
factor for cardiovascular disease (19-21). An association has been found between v'
fibrinogen concentrations and prevalent CAD (7), myocardial infarction (8), and stroke (21).
An earlier study found an association between the ratio of y' fibrinogen to total fibrinogen
and myocardial infarction (22). Unfortunately, studies on the clinical significance of y'
fibrinogen and thrombotic diseases have been hampered by the lack of a standardized assay
with well-described analytical parameters. In this paper, we describe the development and
validation of an immunoassay technique for y' fibrinogen. We also describe the distribution
of ' fibrinogen in the Framingham Offspring Study and describe the clinical utility of this
marker for identifying individuals at risk for the development of CAD.

Materials And Methods

MATERIALS

Reagents were obtained from Fisher Scientific, Inc. unless otherwise specified. Monoclonal
antibody 2.G2.H9 directed against the y' chain carboxyl terminus (available from Upstate,
Inc.) was used for detection of y' fibrinogen. Plasminogen-free unfractionated human
fibrinogen was obtained from Calbiochem, Inc. Standards for y' fibrinogen were prepared
from plasma obtained from anonymous donors (see below). This study was compliant with
the Helsinki Declaration of 1975 and was approved by the OHSU Institutional Review
Board; all donors gave informed consent.

FRAMINGHAM OFFSPRING STUDY PLASMA SAMPLES

We obtained 3,300 plasma samples from the Framingham Offspring Study (23). These
samples were collected during the 7t examination cycle (between 1998-2001) and were
maintained at -70°C until analysis. The samples contained in this study set were obtained
from 2,879 individuals with no prior occurrence of cardiovascular disease, and 421
individuals with previously documented cardiovascular disease, as defined previously (23)
by the prior occurrence of myocardial infarction, coronary insufficiency, angina pectoris,
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stroke, transient ischemic attack, or intermittent claudication. Descriptive statistics (mean +
standard deviation for continuous risk factors, count and percent prevalence for dichotomous
risk factors and y' and total fibrinogen) are presented. The significance of the mean/%
difference across tertiles was assessed using age- and sex-adjusted analysis of covariance
(continuous risk factors) or logistic regression (dichotomous risk factors).

CAD CASE/CONTROL SAMPLES

Data in Fig. 5 are based on our published case/control study of CAD and used with
permission of the publishers (7). Briefly, blood was obtained from 133 patients between the
ages of 41 and 80 who were referred for elective, outpatient diagnostic cardiac
catheterizations. The indications for catheterization included anginal chest pain, positive
stress test, valvular heart disease, and preoperative clearance prior to non-cardiac surgery in
patients suspected of ischemic heart disease. Cases were defined as patients having luminal
narrowing of 50% or greater in at least one major coronary artery or branch. 91 cases of
CAD were diagnosed, whereas 42 patients had no angiographic evidence of disease and
were used as controls.

Data for ' fibrinogen concentrations measured in healthy controls showed a non-gaussian
distribution. Reference intervals were therefore established on the basis of the central 951
percentile interval. The diagnostic performance of the test for differentiating patients with
CAD from those without evidence of the disease was evaluated using Receiver Operating
Characteristic (ROC) curve analysis (MedCalc Software). The sensitivity and specificity
associated with incremental changes in y' fibrinogen concentrations were calculated and
used to develop the ROC curve.

PREPARATION OF y' FIBRINOGEN STANDARD

yAly' fibrinogen was purified using a modification (9) of a previous DEAE-cellulose
chromatographic method (4). To prepare the y' fibrinogen standard, normal human plasma
(George King Biomedical) was first defibrinated by heating for 30 minutes at 56°C followed
by centrifugation for 30 minutes at 100,000 x g to remove precipitated fibrinogen. Heat-
defibrinated plasma was diluted 1:1000 in a solution of 0.1% fraction V BSA (Sigma) in
PBS, consisting of 0.137 mol/L NaCl/2.7 mmol/L KCI/10 mmol/L sodium phosphate, pH
7.4 (Sigma) containing 5 mmol/L EDTA/0.1% Triton X-100 (v/v), and reconstituted to 1.5
ng/mL with DEAE cellulose-purified yA/y' fibrinogen. Serial dilutions of 0.75, 0.375, 0.188,
0.094, and 0.047 pg/mL were used in duplicate to calibrate our assay.

ANALYTICAL SPECIFICITY OF 2.G2.H9

y' ELISA

Monoclonal antibody 2.G2.H9 was prepared in a bioreactor at the Penn State Hybridoma
and Cell Culture Laboratory (State College, PA). To assess the specificity of the antibody
for y' fibrinogen, 100 ul of 2.0 ug/mL yA/yA or yAly' fibrinogen was coated on 96-well
Maxisorp plates (Nunc) in 15 mmol/L NayCO3/35 mmol/L NaHCOg3, pH 9.6 and blocked
with 1% (w/v) BSA. Bioreactor supernatant was serially diluted in 120 mmol/L NaCl/10
mmol/L Tris, pH 8.0/0.04% (v/v) Tween 20 and incubated for 1 hour at 37°C, followed by
detection with goat anti-mouse IgG/HRP conjugate (Rockland Labs). 1 g/L O-
phenylenediamine (Sigma) in 50 mmol/L sodium citrate, pH 4.5/0.03%H,0, was incubated
at 22°C until color development, which was read at 450 nm.

Monoclonal antibody 2.G2.H9 was purified as described previously (7). 96-well Maxisorp
plates were coated overnight at 4°C with 50 ul per well of a solution of 1.5 ug/mL 2.G2.H9
in PBS. Plates were then blocked for 1 hour at 37°C with BSA in 250 ul PBS/1% BSA/0.1%
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Triton X-100. Citrated human plasma samples were diluted 1:1000 in PBS/5 mmol/L
EDTA/0.1% BSA/0.1% Triton X-100, and 50 pl was added per well in triplicate and
incubated for 1 hour at 37°C. Wells were washed three times with 250 ul of PBS/0.1%
Triton X-100. HRP-conjugated sheep anti-human fibrinogen (Innovative Research, Inc.) was
diluted 1:2500 in PBS/0.1% BSA/0.1% Triton X-100, and 50 pul was added per well,
incubating for 1 hour at 37°C. Wells were washed three times with 250 pl of PBS/0.1%
Triton X-100. 50 pl of substrate solution, TMB Super Sensitive 1 Component HRP
Microwell Substrate (BioFX Laboratories) was added to each well and incubated 30 minutes
at 22°C. The substrate reaction was terminated by adding 50 ul of stop solution, 450 nm
liquid stop solution for TMB microwell (BioFX Laboratories), and the absorbance was read
at 450 nm in a PowerWave XS microplate reader (Bio-Tek). Absorbance values of the
standards were fitted to a non-linear equation for a second-degree polynomial by least
squares error method with use of Kaleidagraph™ software (Synergy Software).

We determined the precision of our assay as described in CLSI EP15 (24). We evaluated the
lower limit of quantification of the assay by analyzing eight separate pools of patient plasma
that varied in y' fibrinogen concentrations from approximately 0.05 to 0.42 g/L.

ANALYTICAL SPECIFICITY OF 2.G2.H9 TOWARDS y' FIBRINOGEN

To assess the analytical specificity of anti-y* monoclonal antibody 2.G2.H9 and its ability to
differentiate y' fibrinogen from yA/yA fibrinogen lacking y' chains, serial dilutions of
antibody were reacted against purified yA/yA or yAly' fibrinogen. As shown in Fig. 1,
monoclonal antibody 2.G2.H9 showed no measurable reactivity towards yA/yA fibrinogen,
even at the lowest dilutions. In addition, 2.G2.H9 showed only minor background reactivity
with plasma that was heat-defibrinated to remove fibrinogen. Background absorbance with
heat-defibrinated plasma was typically around 0.05 absorbance units (data not shown).
These results demonstrate the specificity of the antibody towards y' fibrinogen, which differs
from yA/yA fibrinogen by only 20 out of 1,482 amino acids.

Y' FIBRINOGEN STANDARD CURVE

A standard curve was generated using heat-defibrinated plasma that was reconstituted with
purified yA/y' fibrinogen. The standard curve spanned the wide range of plasma
concentrations of y' fibrinogen found in individuals, which can vary nearly 40-fold. This
wide range of concentrations necessitated the use of non-linear curve fitting for the standard
curve. Fig. 2 shows that on a representative standard curve, a linear curve fit yielded a fairly
good approximation, with an R value of 0.980, whereas a logarithmic curve fit was clearly
inferior, with an R value of 0.921. However, the linear curve fit showed significant skewing
at the extremes of concentrations. A curve fit based on a second degree polynomial
empirically provided the best fit, with an R value of 0.99 in this example. Importantly, this
curve fit did not deviate at the extremes of concentrations as did the linear curve fit, which
allowed all plasma samples to be assayed under the same conditions.

PRECISION AND LOWER LIMIT OF QUANTIFICATION

The precision of our method was evaluated by analyzing two separate pools of donor plasma
with normal and increased y' fibrinogen concentrations. The pools were aliquotted into
individual tubes, stored frozen at -70°C, and aliquots were analyzed, in duplicate, twice
daily for 5 consecutive days. A plasma standard with a mean v' fibrinogen concentration of
0.127 g/L as established by 20 determinations had a within-run CV of 13.4% and a run-to-
run CV of 28.6% with a total of 29.1%, whereas a plasma standard with a mean y' fibrinogen
concentration of 0.416 g/L had a within-run CV of 4.8% and a run-to-run CV of 11.2% with
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a total of 11.6%. To determine the lower limit of quantification of the method, an aliquot
from each of eight pools of donor plasma was measured in triplicate, three times a day, for
three consecutive days. The mean y' fibrinogen concentration measured in each of the eight
pools was plotted versus the within-run imprecision calculated for each pool. We defined the
lower limit of quantification as that concentration of y' fibrinogen giving a within-run CV of
20%. Fig. 3 shows that the lower limit of quantification for this assay was 0.10 g/L.

DISTRIBUTION OF y' FIBRINOGEN IN HUMANS

To establish the reference interval for y' fibrinogen in plasma, the concentration of '
fibrinogen was measured in plasma samples obtained from the seventh exam cycle
(1998-2001) of the Framingham Offspring Study. We analyzed y' fibrinogen in participants
with no previous history of cardiovascular disease (n=2,879). The characteristics of the
entire Framingham Offspring cohort examined in this study are shown in Supplemental Data
Table 1. The distribution showed a substantial number of outliers with high concentrations
of y' fibrinogen (Fig. 4). The range of y' fibrinogen measured in these samples varied nearly
40-fold, from a low of 0.037 g/L to a high of 1.443 g/L. The reference interval, defined as
the 2.5t and 97.5! percentile limits for y' fibrinogen were 0.088 to 0.551 g/L, and the
median concentration was 0.234 g/L. These median (2.5 and 97.5t" percentiles) values are
similar to those reported for 120 samples obtained from healthy blood donors, 0.281 g/L
(0.115-0.460 g/L) (7) and from 42 healthy controls in a coronary artery disease case/
control study (7) who showed a median ' fibrinogen of 0.242 g/L (0.125 - 0.676 g/L).

We next examined the association between y' fibrinogen and known cardiovascular disease
risk factors in all the available samples from the seventh exam cycle (n=3,300). y' fibrinogen
was significantly (all P<0.05) associated with age, sex, BMI, smoking, diabetes, blood
glucose, and triglycerides (Table 1). Each of these risk factors increased significantly with
increasing tertiles of y' fibrinogen. HDL cholesterol showed a statistically significant inverse
association with tertiles of y' fibrinogen. Similar trends were seen in both men and women.
In contrast to total fibrinogen concentrations (25), v' fibrinogen did not show a significant
association with systolic blood pressure or total cholesterol. These results suggest that y'
fibrinogen is not simply a surrogate marker for total fibrinogen, but has different
associations with known cardiovascular disease risk factors.

We also investigated the ability of the y' fibrinogen assay to discriminate between
individuals with CAD compared to controls without CAD in order to calculate the optimum
decision threshold (26). This cohort (n=133) was investigated in a prior study from our
laboratory (7). The mean age of this cohort was 62 (+ 10) years old, similar to the
Framingham Offspring at cycle 7 (61 (x 10) years old; see Supplemental Data Table 1),
although the CAD cohort was more predominantly male (57%). When y' fibrinogen
concentrations were compared between CAD patients and non-CAD patients, y' fibrinogen
concentrations were significantly higher in CAD patients (0.413 + 0.016 g/L vs. 0.299 £
0.024 g/L (mean + SE); P<0.0001), in both men and women. We used ROC curve analysis
to evaluate the ability of y' fibrinogen concentrations to distinguish between patients with
CAD and controls. The area under the ROC curve was 0.76 (Fig. 5). The point of the curve
showing the optimum diagnostic accuracy was at a y' fibrinogen concentration of
approximately 0.30 g/L. At this cutoff threshold the diagnostic accuracy was 0.78 for
discriminating between patients with CAD and controls.

Discussion

The lack of availability of a well described and validated assay for y' fibrinogen has hindered
epidemiologic studies into its association with cardiovascular disease. Our laboratory has
published previously a small pilot study that used the anti-y' fibrinogen monoclonal antibody
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2.G2.H9 as capture antibody (7). However, at the time of publication, yA/y' fibrinogen
standard and monoclonal antibody 2.G2.H9 were not available commercially and were
purified in our laboratory. Purified yA/y' fibrinogen standard is now available commercially,
as is monoclonal antibody 2.G2.H9, although the present studies were performed with
reagents purified in-house as described in our previous study (7).

A major concern in the development of an ELISA for the quantitation of y' fibrinogen is
cross-reactivity towards the major fibrinogen isoform, yA/yA fibrinogen, which lacks y'
chains. Our results show that monoclonal antibody 2.G2.H9 has no measurable cross-
reactivity towards yA/yA fibrinogen. This finding is particularly important for epidemiologic
studies, since total fibrinogen, the vast majority of which is yA/yA fibrinogen, is already a
well-established risk factor for cardiovascular disease (1). In addition, previous findings
indicate that there is no significant association between yA/yA fibrinogen concentrations and
vy' fibrinogen concentrations in patients with CAD (7). These results suggest that y'
fibrinogen is not simply a surrogate for yA/yA fibrinogen, but rather is an independent
marker for CAD.

Our ELISA method showed acceptable precision for measurement of y' fibrinogen. The
optimal cutoff threshold was 0.30 g/L for distinguishing patients with CAD from those
without CAD with a within-run %CV <10%. Presumably, automation of the current
procedure would allow for more stringent control of our manually performed assay,
resulting in better precision. The ELISA method we describe in the current manuscript was
performed using manual pipetting and wash steps.

The skewed distribution of y' fibrinogen in the Framingham Offspring Study samples was
unexpected, and was not seen previously in a smaller sampling of 120 plasma samples from
Red Cross blood donors (7). This skewed distribution is not dissimilar from distributions of
fibrinogen determined using the Clauss assay (27) as well as other circulating biomarkers,
such as CRP. Although the Framingham Offspring Study participants in this analysis had no
documented history of cardiovascular disease, the male and female participants were drawn
from a general community dwelling population. It is likely that some of the participants may
have had underlying subclinical cardiovascular disease that had not yet manifested itself as
an acute event.

ROC curve analysis showed a diagnostic accuracy of y' fibrinogen of 0.78 for discriminating
patients with CAD, defined as >50% narrowing in at least one major coronary artery or
branch, from individuals with <50% narrowing. This degree of accuracy was achieved with
no adjustment for other variables such as age or gender.

In conclusion, y' fibrinogen shows promise as a marker for cardiovascular disease. The
addition of this marker to other established risk factors such as hsCRP (28) and cholesterol
may provide additive predictive value for assessment of risk of adverse cardiac events. Our
ELISA method demonstrated good analytical sensitivity and specificity for measurement of
v' fibrinogen. Automation of the current method should allow for more precise measurement
of this marker. In addition, we are currently conducting studies to assess the short- and long-
term intra-individual biologic variability of y' fibrinogen in comparison with that of hsCRP
and cholesterol. This assay should facilitate future studies of the association of y' fibrinogen
with cardiovascular risk.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nonstandard abbreviations

BSA bovine serum albumin
CAD coronary artery disease
CRP C-reactive protein
cv coefficient of variability
ELISA enzyme-linked immunosorbent assay
HRP horseradish peroxidase
PBS phosphate-buffered saline
T™MB 3,3',5,5'-tetramethylbenzidine
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Fig. 1. Analytical specificity of 2.G2.H9 towards y' fibrinogen

The analytical specificity of anti-y' fibrinogen monoclonal antibody 2.G2.H9 and its ability
to differentiate y' fibrinogen from fibrinogen lacking y' chains was determined by incubating
the indicated dilutions of the antibody with yA/yA or yAly' fibrinogen in microtiter wells.
Goat anti-mouse IgG/HRP conjugate was added for detection, followed by O-
phenylenediamine, and the absorbance was quantitated at 450 nm.
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Fig. 2. Curve fitting for the y' fibrinogen ELISA

A v' fibrinogen standard curve was generated using the indicated concentrations of purified
y' fibrinogen reconstituted in heat-defibrinated plasma. Capture antibody was anti-y'
fibrinogen monoclonal antibody 2.G2.H9, and detection antibody was a commercial sheep
anti-human fibrinogen/HRP conjugate. TMB substrate absorbance was quantitated at 450
nm. The resulting points were fit either to a linear, logarithmic, or second-degree polynomial
curve fit.
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Fig. 3. Limit of quantification for the y* fibrinogen ELISA

The limit of quantification of the assay for measurement of y' fibrinogen concentrations in
plasma was determined using eight separate pools of patient plasma. The limit of
quantification for the assay was 0.10 g/L, defined as that concentration of y' fibrinogen
giving a within-run CV of 20% or greater.
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Fig. 4. y" fibrinogen concentrations in healthy individuals from the Framingham Offspring Study
v' fibrinogen was measured in 2,879 participants from the Framingham Offspring Study with
no previous history of cardiovascular disease. The reference interval of y' fibrinogen varied
nearly 40-fold, from a low of 0.037 g/L to a high of 1.443 g/L. The 2.5 and 97.5t
percentile limits for y' fibrinogen were 0.088 to 0.551 g/L. The median concentration was
0.234 g/L and the mean concentration was 0.255 y 0.119 g/L (xSD).
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Fig. 5. Receiver-operating characteristic curve for ' fibrinogen in CAD patients

v' fibrinogen concentrations were measured in a prior study (7) in 133 patients referred for
elective diagnostic cardiac catheterization. The receiver-operating characteristic curve of y'
fibrinogen concentrations in CAD cases and controls showed an area under the curve of
0.76. A maximum diagnostic accuracy of 0.78 was found at a decision threshold of 0.30 g/L.

Clin Chem. Author manuscript; available in PMC 2011 May 1.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Lovely et al.

Association of y' Fibrinogen with Traditional Cardiovascular Risk Factors.2

Table 1

Page 14

Factor y' Fibrinogen Tertiles P-Valueb
Low (0.03655 - 0.19827) Mid (0.19831 - 0.28564) High (0.28567 - 1.44290)
(N=1099) (N=1100) (N=1100)

Age (years) 58.8 (+ 9.0) 60.9 (+ 9.6) 63.5 (£ 9.3) <0.001
Female (%) 50.3 54.7 55.5 0.023
Body mass index (kg/m?) 27.5(x4.9) 28.1(£5.4) 28.9 (£5.6) <0.001
Cigarette smoking (%) 13.4 11.8 14.2 0.019
Diabetes mellitus (%) 10.3 11.8 17.8 <0.001
Fasting blood glucose (mmol/L) 5.69 (+ 1.50) 5.69 (+ 1.24) 6.00 (£ 1.74) <0.001
Systolic blood pressure (mm Hg) 125.0 (£ 18.1) 126.7 (+ 18.2) 129.5 (+ 19.7) 0.223
Total cholesterol (mmol/L) 5.23 (£ 0.92) 5.19 (£ 0.95) 5.14 (£ 0.98) 0.112
HDL cholesterol (mmol/L) 1.44 (+ 0.45) 1.40 (+ 0.44) 1.33 (£ 0.43) <0.001
Triglycerides (mmol/L) 1.49 (£ 0.98) 1.50 (% 0.96) 1.66 (+ 1.05) <0.001
Total fibrinogen (g/L) 3.422 (+0.60) 3.754 (0.60) 4.226 (+0.80) <0.001
y' fibrinogen (g/L) 0.15 (+ 0.04) 0.24 (+ 0.02) 0.39 (+ 0.11) -

a . o
Results are unadjusted mean (+1 standard deviation) or %.

bP-values assess the significance of the difference in mean/% across fibrinogen tertiles and are age and sex-adjusted (P-value for age is sex-
adjusted only, and P-value for sex is age-adjusted only).
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