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Plasma protein S (PS) levels are reportedly low in patients with venous thrombosis but high in coronary heart
disease (CHD) patients. The authors examined the association between free PS concentration and CHD or stroke
risk and assessed risk in combination with C-reactive protein (CRP) levels. Free PS concentration was determined
in 6 annual visits among 3,052 middle-aged (49–64 years) United Kingdom men from the Second Northwick Park
Heart Study, with 297 CHD events from 1989 to 2005. The highest (vs. first) quintile was associated with a signif-
icantly increased CHD risk after adjustment for all other risk factors and correction for regression dilution bias
(hazard ratio ¼ 1.85, 95% confidence interval: 1.08, 3.16; P ¼ 0.024). Models that included all well-known risk
factors plus PS quintiles improved prediction of CHD (net reclassification improvement (NRI) ¼ 7.0% (P ¼ 0.007),
category-less NRI (>0) ¼ 22.1% (P < 0.001)), and the likelihood ratio statistic increased significantly (P ¼ 0.018).
The increase in CHD risk was particularly strong when subjects also had high CRP levels. There was no association
between free PS level and stroke risk. This study confirms the independent association of elevated free PS levels
with future risk of CHD, although elevated PS levels added only modestly to prediction metrics. The novel finding of
increased CHD risk, particularly when CRP and PS levels are high, requires further study.

coronary disease; inflammation; protein S; risk factors; stroke

Abbreviations: AIC, Akaike’s Information Criterion; C4bBP, complement factor 4b binding protein; CHD, coronary heart disease;
CI, confidence interval; CRP, C-reactive protein; DR5, 5% false-positive detection rate; HDL, high density lipoprotein; HR, hazard
ratio; NRI, net reclassification improvement; NPHS-II, Second Northwick Park Heart Study; SD, standard deviation.

Protein S is a 69-Mr vitamin K-dependent protein with
anticoagulant properties which acts as a nonenzymatic co-
factor to activated protein C in the proteolytic degradation of
Factor Va and Factor VIIIa (1–3). Two forms of protein S are
present in plasma, with approximately 60% being bound to
complement factor 4b binding protein (C4bBP), while the
remaining 40% is free (2, 4). Free protein S has activated
protein C cofactor activity (2, 5). Deficiency (antigen) or im-
paired function (activity) of protein S leads to decreased
degradation of Factor Va and Factor VIIIa and an increased
propensity toward venous thrombosis (6–8).

Families with heterozygous protein S deficiency are sus-
ceptible to venous thromboembolism. Protein S deficiency
is found in 1.5%–7% of selected groups of patients with

thrombophilia, often appearing before the age of 30 years
(2, 9–11), but because of the low prevalence of protein S
deficiency, within a large population-based study, patients
with deep vein thrombosis did not show significantly lower
levels of protein S than age- and sex-matched healthy con-
trols (12). Lower levels of free protein S in patients who have
had an acute myocardial infarction have been reported in
some studies (13–16), while other studies have found sig-
nificantly higher total protein S concentrations in patients
with a history of angina pectoris or myocardial infarction
(17, 18). In addition, case studies have found reduced pro-
tein S levels in patients following ischemic stroke (19) or no
significant difference in protein S concentration between stroke
cases and controls (20).
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Estimates of the heritability of protein S from family stud-
ies differ, ranging from 11% to 34% of the variance being
attributable to a genetic component (21, 22). There are 2 pro-
tein S genes, protein S a (PROS1) and protein S pseudogene
(b) (PROS2), located on chromosome 3 at p11.1–q11.2.
PROS1 is the active gene responsible for the expression of
protein S, whereas PROS2 is a pseudogene (2, 23). Loss-of-
function mutation of PROS1 leads to a deficiency of protein
S and is an established inherited cause of venous thrombotic
disease (2, 23). However, variation in the gene encoding pro-
tein S explains only a small part of the total estimated genetic
variance of circulating protein S levels (21, 22).

The basis and pathogenic significance of an increased pro-
tein S level in men at high risk of CHD and stroke remains
unclear, and in addition, the association between protein S
and CHD or stroke is understudied in prospective cohort stud-
ies. Rudnicka et al. (18) previously reported a crude asso-
ciation between high protein S levels and CHD risk over
a 7-year follow-up period in the Second Northwick Park
Heart Study (NPHS-II), a prospective cohort study based at
that time on only 168 CHD cases. The association was lost,
however, after adjustment for traditional CHD risk factors
(18). Our primary purpose in this study was to reassess the
relation between free protein S levels and prospective risk of
CHD and stroke in NPHS-II after a longer duration of follow-
up (14 years, with 297 CHD events and 98 stroke events). The
increased number of persons with CHD allowed analysis
across quintiles, enabling us to detect any potential associ-
ation of low protein S levels with CHD, in addition to the
association with high levels of protein S. Additionally, in the
current study, we have assessed the combined associations
of protein S levels and inflammatory factors with CHD.

MATERIALS AND METHODS

Study subjects and data collection

The prospective NPHS-II commenced in 1989 and includes
3,052 middle-aged (49–64 years) men recruited from 9 general
medical practices in the United Kingdom. Participants were
free of unstable angina, myocardial infarction, evidence of
silent infarcts, coronary surgery, use of anticoagulant drugs
(including aspirin), cerebrovascular disease, malignancy, and
any condition or disease preventing the attainment of written,
informed consent or long-term follow-up. Persons receiving
treatment for hypertension or hyperlidemia were not ex-
cluded. Information on lifestyle, height, weight, blood pres-
sure, and a number of blood biomarkers was recorded at
baseline and at subsequent prospective follow-up visits. Re-
cruitment, measurement, follow-up, and disease definitions
are described in detail elsewhere (24–26). Information re-
garding use of medication for treatment of hypertension or
hyperlidemia was recorded at the recruitment interview.

At recruitment, free protein S levels were determined using
the Asserachrom Free Protein S immunoassay (Diagnostica
Stago, Paris, France), which utilizes a monoclonal antibody
sandwich technique (27). A single lot of assay kits was used
to perform the analysis of all samples. The detection limit
of the method is 2% of plasma free protein S. The within-
day coefficient of variation of the assay was 2.1%, and the

between-day coefficient of variation was 2.4% (18). Lipid,
total cholesterol, and triglyceride concentrations were mea-
sured with automated enzyme procedures. Level of alcohol
consumption for each subject was ascertained on the basis
of self-reported average alcohol consumption (in the United
Kingdom, 1 unit of alcohol is equivalent to half a pint of
beer, 1 glass of wine, or 1 standard measure of spirits). CHD
events taken as endpoints were fatal (sudden or not) myocar-
dial infarction and nonfatal myocardial infarction, based on
World Health Organization criteria (28), plus coronary artery
interventions and silent myocardial infarction on the follow-
up electrocardiogram or sudden unexplained death. Clinical
information for each event was assembled by inquiries made
through the participating medical practices, hospitals visited,
and, for fatal events, coroners’ offices. This information was
collated and submitted to an independent assessor who as-
signed qualifying events to the appropriate category. Stroke
was categorized according to the definitions of the Interna-
tional Classification of Diseases, Ninth Revision: cerebral
artery occlusion (code 434.9), unspecific cerebrovascular ac-
cident (code 436.0), intracerebral hemorrhage (code 431.0),
subarachnoid hemorrhage (code 430.0), and cerebral embo-
lism (code 434.1) (28).

Statistical analysis

Primary analysis was carried out using the first available
measurement of free protein S; this measurement was taken
at baseline for 86.1% of the men, at the first annual visit for
11.2%, and at the year 2 visit for 2.6% (all measurements of
free protein S levels were made when the participants were
free from CHD). Subjects were divided into quintiles ac-
cording to free protein S levels. Associations between free
protein S quintiles and cardiovascular risk factors were as-
sessed using analysis of variance for continuous variables
and chi-square tests for categorical variables. Free protein S
was modeled by means of restricted cubic splines, with 5 knots
at the 5th, 27th, 50th, 73rd, and 95th percentiles, in a Cox
proportional hazards model for estimation of hazard ratios
and 95% confidence intervals. Analysis of the association
between CHD and stroke across free protein S quintiles used
the first quintile as the reference category. Models were eval-
uated using Akaike’s Information Criterion (AIC) and the
likelihood ratio chi-square test. The contribution of free
protein S to determination of CHD cases was assessed using
Harrell’s c statistic (29) as a discriminatory test which ex-
tends receiver operating characteristic curve analysis to
the case of right-censored survival data. The difference in
Harrell’s c parameters and the confidence interval for the
difference between models were calculated by bootstrap sam-
pling. Detection rates (or sensitivities) for a 5% false-positive
rate (DR5) were calculated by interpolation. The Hosmer-
Lemeshow test was used to test differences between the
observed and expected rates.

Measurement error or within-person variability (regression
dilution bias) in free protein S concentration and the other
risk factors can lead to misestimation of risk (30). Repeated
measures of free protein S were used to correct for regression
dilution bias. We estimated regression dilution factors by di-
viding the difference in mean free protein S levels between
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quintiles computed from the first measurement by the cor-
responding difference in the mean of all available annual
measurements taken for each individual during the 5-year
follow-up period (31). In addition, a sensitivity analysis was
carried out, using the mean of all of the available annual
measurements for each subject during the 6-year follow-up
period. Eighty-one percent of the subjects had 3 or more
measurements of free protein S levels. To examine the in-
cremental ability of free protein S to classify subjects into
risk categories according to commonly used categories of
10-year CHD risk, we calculated the reclassification percent-
ages. We calculated estimated 10-year risks for each cell of
the reclassification to show calibration of reclassified obser-
vations with observed risk. To evaluate true improvement
in classification by the addition of free protein S to the well-
known risk factors model, we calculated the net reclassification
improvement (NRI) (32, 33). In addition, we calculated the
category-less NRI (34), which is not affected by age ranges
or the strength of the baseline model. We assessed the re-
lations between other measured factors and free protein S
levels using a best-subsets regression model to identify the
component of free protein S that maximized the fit of the
model.

RESULTS

A total of 3,052 men were included in the analysis. The
mean age was 56.1 years (standard deviation (SD), 3.48),
and the median follow-up time was 13.7 years. Participants
were divided into quintiles according to free protein S levels,
and group characteristics across the quintiles are presented
in Table 1. A higher free protein S level was associated with
higher body mass index (weight (kg)/height (m)2), systolic
blood pressure, diastolic blood pressure, alcohol consumption,
total cholesterol, triglycerides, high density lipoprotein (HDL)
cholesterol, low density lipoprotein cholesterol, Factor VII
antigen, Factor VIIc, activated Factor XII, fibrinopeptide A,
and C-reactive protein (CRP); age, smoking status, and levels
of Factor VII-activated fibrinogen, Factor X activation peptide,
Factor IX activation peptide, and prothrombin Factor 1 þ 2
were similar across free protein S quintiles.

The strongest associations were with total cholesterol
(r¼ 0.21, P< 0.001) and triglyceride (r¼ 0.18, P< 0.001)
concentrations (see Web Table 1, which appears on the
Journal’s Web site (http://aje.oxfordjournals.org/)). The mean
level of free protein S in smokers compared with nonsmokers
was not significantly different (113 percent standard (SD, 23)
vs. 112 percent standard (SD, 24); P ¼ 0.316).

Association of free protein S levels with CHD
and stroke

During the follow-up period (1989–2005; 36,564 person-
years in total), 297 subjects (9.7%) experienced a CHD event
and 98 subjects (3.2%) experienced a stroke event. The men
who went on to develop CHD during follow-up had ap-
proximately 4.5% higher plasma free protein S levels than
those who remained CHD-free (113 percent standard (SD, 23)
vs. 118 percent standard (SD, 25); P< 0.001). There was no
difference in free protein S levels between men who devel-

oped stroke during follow-up and those who remained stroke-
free (114 percent standard (SD, 22) vs. 113 percent standard
(SD, 24); P ¼ 0.573).

The association between free protein S and CHD was
modeled using restricted cubic splines with 5 knots (79, 100,
111, 123, and 153) at the 5th, 27th, 50th, 73rd, and 95th
percentiles in a Cox proportional hazards model (Table 2).
The Wald test of the model was not significant (P ¼ 0.366),
indicating that a linear relation was the best fit for the data.
Compared with the first knot (median, 79), the second (hazard
ratio (HR) ¼ 1.71, 95% confidence interval (CI): 1.12, 2.62;
P¼ 0.013), third (HR ¼ 1.89, 95% CI: 1.21, 2.94; P¼ 0.005),
fourth (HR ¼ 2.14, 95% CI: 1.41, 3.24; P< 0.001), and fifth
(HR ¼ 2.54, 95% CI: 1.63, 3.96; P < 0.001) knots were
associated with significantly increased risks of CHD. Multi-
variate adjustment for age, clinic, body mass index, diabetes,
smoking, HDL cholesterol, total cholesterol, systolic blood
pressure, and use of lipid- or blood-pressure-lowering med-
ications did not materially change these estimates (HR ¼ 1.65
(95% CI: 1.04, 2.64; P ¼ 0.035) for the second knot,
HR ¼ 1.50 (95% CI: 0.91, 2.46; P¼ 0.110) for the third knot,
HR ¼ 1.58 (95% CI: 0.99, 2.52; P ¼ 0.055) for the fourth
knot, and HR ¼ 1.84 (95% CI: 1.11, 3.06; P¼ 0.018) for the
fifth knot).

Figure 1 shows the results obtained for the relation be-
tween free protein S quintiles and CHD in Cox regression
analysis. Compared with persons in the first quintile, those
in the fifth (highest) quintile (HR ¼ 2.68, 95% CI: 1.70, 4.21;
P< 0.001) and the fourth quintile (HR ¼ 2.32, 95% CI: 1.51,
3.55; P < 0.001) had significantly increased risks of CHD.
This association was essentially unchanged after further ad-
justment for age, clinic, body mass index, diabetes, smoking,
HDL cholesterol, total cholesterol, systolic blood pressure,
and use of lipid- or blood-pressure-lowering medications and
correction for regression dilution bias (compared with the first
quintile, HR ¼ 1.85 (95% CI: 1.08, 3.16; P ¼ 0.024) for the
fifth quintile and HR ¼ 1.83 (95% CI: 1.13, 2.97; P¼ 0.014)
for the fourth quintile). No association between free protein S
level and stroke risk was identified.

Contribution of free protein S quintiles to CHD
risk models

The potential contribution of free protein S quintiles to
CHD risk models was examined by means of the AIC, the
likelihood ratio test, and Harrell’s c statistic (Table 3). A model
that included the classical risk factors of age, body mass
index, diabetes, smoking, HDL cholesterol, total cholesterol,
systolic blood pressure, and use of lipid-/blood-pressure-
lowering medications was improved significantly by the
addition of the free protein S quintiles; Harrell’s c increased
from 68.2% to 69.4% (P¼ 0.072) and was close to statistical
significance, with DR5 being 15.2%. In this model with all
risk factors plus the free protein S quintiles, the AIC value
decreased, and the likelihood ratio statistic increased sig-
nificantly (P ¼ 0.018). The AIC and the likelihood ratio
test take into account the increase in the number of predic-
tors used in the model. The nonsignificant P values for the
Hosmer-Lemeshow statistic suggested good calibration with
all of the models, and the increase in the P values as terms
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were added indicated that predicted risks corresponded better
to observed risks.

The same pattern was seen in models based on Framingham
risk score (35), with and without the addition of free protein S
measures (Table 3). When free protein S level was added to

the Framingham risk score model, Harrell’s c statistic im-
proved from 64.9% to 66.3% (P ¼ 0.089) with a DR5 of
13.1%, the AIC value decreased, and the likelihood ratio
statistic increased significantly (P ¼ 0.009). Figure 2 shows
calibration plots for both models, with the majority of points

Table 1. Clinical and Laboratory Characteristics of Participants According to Quintile of Free Protein S Level, Second Northwick Park Heart

Study, United Kingdom, 1989–2005a

Clinical Characteristic or
Laboratory Measurement

Quintile of Free Protein S, % standard

P Value
1 (£95)

(n 5 606;
Referent)

2 (96–106)
(n 5 590)

3 (107–117)
(n 5 634)

4 (118–130)
(n 5 569)

5 (131–248)
(n 5 562)

Mean (SD) % Mean (SD) % Mean (SD) % Mean (SD) % Mean (SD) %

Clinical and Behavioral Characteristics

Age, years 56.1 (3.40) 56.2 (3.47) 56.1 (3.50) 56.0 (3.56) 56.0 (3.55) 0.367

Body mass indexb 25.8 (3.44) 26.1 (3.68) 26.5 (3.46)** 26.7 (3.43)** 27.1 (3.49)** <0.001

Systolic blood pressure,
mm Hg

134 (19) 136 (19) 139 (20)** 139 (20)** 140 (19)** <0.001

Diastolic blood
pressure, mm Hg

82 (11) 83 (11)* 85 (11)** 85 (12)** 85 (11)** <0.001

Diabetes 2.2 2.2 3.0 3.2 2.0 0.579

Current smoker 31.5 25.8 27.6 29.5 28.3 0.625

Alcohol consumption,
units/weekc

9.8 (13.7) 9.8 (13.2) 10.7 (14.4) 13.0 (16.8)** 14.7 (18.8)** <0.001

Use of lipid-lowering
medications

2.0 2.4 1.3 1.1 2.9 0.135

Use of blood-pressure-
lowering medications

7.4 7.3 10.6 8.1 10.5 0.093

Lipid Levels

Total cholesterol,
mmol/L

5.42 (0.94) 5.59 (0.96)** 5.69 (0.98)** 5.74 (1.01)** 6.09 (1.05)** <0.001

Triglycerides, mmol/L 1.72 (0.97) 1.89 (1.09)** 2.08 (1.29)** 2.14 (1.24)** 2.44 (1.55)** <0.001

High density lipoprotein
cholesterol, mmol/L

1.76 (0.61) 1.75 (0.57) 1.69 (0.57) 1.71 (0.56) 1.68 (0.61)* 0.020

Low density lipoprotein
cholesterol, mmol/L

2.93 (0.97) 2.99 (0.96) 3.09 (0.99)** 3.10 (1.04)** 3.30 (1.03)** <0.001

Hemostatic and Inflammation Factors

Fibrinogen, g/L 2.79 (0.56) 2.75 (0.56) 2.75 (0.51) 2.82 (0.61) 2.77 (0.51) 0.634

Activated Factor VII,
ng/mL

2.20 (1.03) 2.33 (1.35) 2.34 (1.25) 2.47 (1.71) 2.24 (1.66) 0.890

Factor VII antigen,
% standard

129 (33) 133 (35) 132 (33) 133 (44) 137 (40)** 0.005

Factor VIIc, % standard 106 (27) 109 (27) 112 (30)** 112 (31)** 112 (30)** <0.001

Activated Factor XII,
ng/mL

1.79 (0.90) 1.93 (0.96)* 1.90 (1.06) 2.06 (1.15)** 2.18 (1.11)** <0.001

Factor X activation
peptide, pmol/L

84 (30) 86 (29) 87 (31) 87 (38) 86 (38) 0.690

Factor IX activation
peptide, pmol/L

216 (83) 220 (109) 205 (90) 217 (89) 218 (81) 0.845

Prothrombin
Factor 1 þ 2, lmol/L

0.76 (0.39) 0.79 (0.36) 0.80 (0.46) 0.82 (0.80) 0.80 (0.83) 0.337

Fibrinopeptide A,
lmol/L

1.93 (6.68) 2.24 (9.33) 2.00 (5.22) 2.67 (8.28)* 3.08 (15.50)* 0.004

C-reactive protein,
mg/L

5.35 (7.17) 5.29 (6.82) 5.96 (8.78)* 5.76 (7.01)* 6.47 (7.81)** <0.001

Abbreviation: SD, standard deviation.

* P < 0.05; **P < 0.01 (vs. first quintile).
a Data on some characteristics were missing for 91 subjects.
b Weight (kg)/height (m)2.
c In the United Kingdom, 1 unit of alcohol is equivalent to half a pint of beer, 1 glass of wine, or 1 standard measure of spirits.
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Table 2. Hazard Ratios for Coronary Heart Disease and Stroke According to Quintile of Free Protein S Level

(Modeled Using Restricted Cubic Splines), Second Northwick Park Heart Study, United Kingdom, 1989–2005a

Outcome and Quintile
of Free Protein S,

% standard

Median
Value

Casesb Unadjusted Model Adjusted Modelc

No. % HR 95% CI P Value HR 95% CI P Value

Coronary heart
disease

�95 79 36 12.1 1 Reference 1 Reference

96–106 100 59 19.9 1.71 1.12, 2.62 0.013 1.65 1.04, 2.64 0.035

107–117 111 62 20.9 1.89 1.21, 2.94 0.005 1.50 0.91, 2.46 0.110

118–130 123 69 23.2 2.14 1.41, 3.24 <0.001 1.58 0.99, 2.52 0.055

131–248 153 71 23.9 2.54 1.63, 3.96 <0.001 1.84 1.11, 3.06 0.018

P for trend <0.001

Stroke

�95 79 16 16.7 1 Reference 1 Reference

96–106 100 22 22.9 1.99 0.88, 4.50 0.098 1.49 0.63, 3.52 0.364

107–117 111 23 24.0 2.08 0.93, 4.62 0.073 1.53 0.64, 3.64 0.338

118–130 123 19 19.8 1.58 0.73, 3.44 0.247 1.11 0.47, 2.60 0.811

131–248 153 16 16.7 1.55 0.66, 3.62 0.313 0.91 0.35, 2.34 0.846

P for trend 0.804

Abbreviations: CI, confidence interval; HR, hazard ratio.
a Free protein S was modeled by means of restricted cubic splines with 5 knots (79, 100, 111, 123, and 153) at the

5th, 27th, 50th, 73rd, and 95th percentiles in a Cox proportional hazards model. The value of 79% standard was used

as the referent for estimation of all hazard ratios.
b Data were missing for 2 stroke cases.
c Results were adjusted for age, clinic, body mass index, diabetes, smoking, high density lipoprotein cholesterol,

total cholesterol, systolic blood pressure, and use of lipid-/blood-pressure-lowering medications.

Figure 1. Crude and adjusted (adjusted for age, clinic, body mass index, diabetes, smoking, high density lipoprotein cholesterol, total cholesterol,
systolic blood pressure, and use of lipid-/blood-pressure-lowering medications) hazard ratios for coronary heart disease according to quintile of free
protein S level (corrected for regression dilution bias), Second Northwick Park Heart Study, United Kingdom, 1989–2005. The hazard ratio of
1 (dashed line) represents the reference group. Bars, 95% confidence interval.
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being closer to the predicted line for the model including
protein S levels.

We examined risk reclassification for free protein S quintiles
by using models that included the classical risk factors plus
free protein S quintiles as compared with a model without
free protein S quintiles (Table 4). Ten-year CHD risk cate-
gories were set for 3 strata: <6%, 6%–<20%, and �20%. Of
the men who went on to develop CHD, 25 (10.5%) correctly
moved up a risk category and 10 (4.1%) incorrectly moved
down when we added free protein S quintiles to the model,

which resulted in a relative improvement for case subjects of
6.4%. For control subjects, 206 (7.3%) correctly moved down,
whereas 190 (6.8%) incorrectly moved up, yielding an over-
all change of 0.6% and an NRI of 7.0% (95% CI: 1.9, 12.0;
P¼ 0.007). The category-less NRI (>0), which is not affected
by age range or the strength of the baseline model, was 22.1%
(95% CI: 11.8, 32.4; P < 0.001).

Hingorani et al. (36) previously reported a strong associ-
ation between levels of the inflammatory marker CRP and
CHD in the NPHS-II subjects, with the hazard ratio for

Table 3. Independent Contribution of Free Protein S Quintiles to the Risk of Coronary Heart Disease in a Cox Proportion HazardsModel, Second

Northwick Park Heart Study, United Kingdom, 1989–2005

Model
Independent
Variable(s)a

Akaike’s
Information
Criterion

Likelihood
Ratio Test
P Valueb

Harrell’s c 95% CI
Difference

Harrell’s cc 95% CI P Value

Known risk
factors

Model 1 All risk factorsd 3,440.192 0.682 0.646, 0.717

Model 2 All risk factors þ
protein S quintiles

3,436.328 0.018 0.694 0.660, 0.727 0.012 �0.001, 0.025 0.072

Framingham
risk score

Model 1 Framingham risk score 3,442.540 0.649 0.613, 0.686

Model 2 Framingham risk score þ
protein S quintiles

3,437.131 0.009 0.663 0.628, 0.698 0.013 �0.002, 0.029 0.089

Abbreviation: CI, confidence interval.
a The dependent variable was coronary heart disease.
b P for comparison of model 2 with model 1.
c Bootstrap estimation for 1,000 replications.
d Age, clinic, bodymass index, diabetes, smoking, high density lipoprotein cholesterol, total cholesterol, systolic blood pressure, and use of lipid-/

blood-pressure-lowering medications.

Framingham Risk Score   
Framingham Risk Score + Free Protein S

O
b

se
rv

ed
, %

30

25

20

10

15

5

0
0 5 10 15 20 25

Predicted, %
30

Figure 2. Observed risk of a coronary heart disease event versus risk predicted by the Framingham risk score model and the Framingham risk
score model plus quintiles of free protein S level (% standard), Second Northwick Park Heart Study, United Kingdom, 1989–2005. Observed risk is
plotted against predicted risk, with the line of identity (dashed line) indicating perfect calibration. Calibration refers to the accuracy of the model in
predicting the probability of an event.
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subjects in the top tertile being 2.61 (95% CI: 1.78, 3.82;
P ¼ 0.0001) compared with those in the lowest tertile. This
association was attenuated in the current study when we
examined quintiles; no association was identified for CRP
quintiles and CHD risk after adjustment for all other risk
factors. Persons in the fifth (highest) quintiles of both free
protein S and CRP exhibited a significantly higher risk of
CHD (HR ¼ 3.34, 95% CI: 1.48, 7.55; P ¼ 0.004) than did
persons in the first (reference) quintiles of free protein S and
CRP. This estimate was reduced after adjustment for age,
clinic, body mass index, diabetes, smoking, HDL cholesterol,
total cholesterol, systolic blood pressure, and lipid-/blood-
pressure-lowering medications (HR ¼ 2.25, 95% CI: 0.79,
6.41; P ¼ 0.130). Interestingly, there was no suggestion of
increased frequency of CHD for subjects in the highest quin-
tile of CRP when protein S levels were within the lowest
quintile. Similarly, in the highest quintile of protein S but
the lowest quintile of CRP, the frequency of CHD was very
low (Figure 3). However, there was no significant evidence of
interaction (P ¼ 0.349) for increased frequency of CHD as
CRP and protein S levels increased from the lowest quintiles
of each variable to the highest.

Multiple regression analysis of factors influencing free
protein S concentration

Clinical characteristics, lipids, and hemostatic and inflam-
mation factors shown to be significantly correlated with pro-
tein S in the above analysis were analyzed further by multiple
regression to determine the independent association with free
protein S levels. We used the best-subsets regression model
to identify the component of free protein S that maximized
the fit of the model. As Table 5 shows, 6 variables (out of
a total of 20 used for correlation analysis (Web Table 1)) had
a significant association with free protein S levels. Alcohol
consumption and plasma levels of total cholesterol and tri-
glycerides had highly significant independent associations,
as did body mass index, the clotting factor Factor VIIc, and
systolic blood pressure.

DISCUSSION

The most commonly described function for protein S is
that it acts as a cofactor for activated protein C in the down-
regulation of thrombin generation. An inability to regulate

Table 4. Comparisons of 10-Year Coronary Heart Disease Risk Strata in Models of Coronary Heart Disease Risk Factors With and Without

Inclusion of Free Protein S Quintiles, Second Northwick Park Heart Study, United Kingdom, 1989–2005a

Model and 10-Year Risk Category Reclassification Into a New Risk
Category, %

Model Without
Free Protein S

Model With Free Protein S Total

<6% 6%–<20% ‡20%
No. %

Lower
Category

Higher
Category

Total
No. Row % No. Row % No. Row %

<6%

Persons included 684 79.4 177 20.6 0.0 0.0 861 28.2 0.0 20.6 20.6

Case patients 21.8 61.6 13.6 38.4 0.0 0.0 35.4 15.0 0.0 38.4 38.4

Control participants 662.2 80.2 163.4 19.8 0.0 0.0 825.6 29.3 0.0 19.8 19.8

Observed risk 0.032 0.077 0.000

6%–<20%

Persons included 197 13.5 1,224 83.9 38 2.6 1,459 47.8 13.5 2.6 16.1

Case patients 6.5 5.1 109.4 86.1 11.1 8.7 127.0 53.9 5.1 8.7 13.8

Control participants 190.5 14.3 1,114.6 83.7 26.9 2.0 1,332.0 47.3 14.3 2.0 16.3

Observed risk 0.033 0.089 0.292

�20%

Persons included 0.0 0.0 19 2.6 713 97.4 732 24.0 2.6 0.0 2.6

Case patients 0.0 0.0 3.2 4.4 69.9 95.6 73.1 31.0 4.3 0.0 4.3

Control participants 0.0 0.0 15.8 2.4 643.1 97.6 659.0 23.4 2.4 0.0 2.4

Observed risk 0.000 0.167 0.098

Total

Persons included 881 28.9 1,420 46.5 751 24.6 3,052 100.0

Case patients 28.3 12.0 126.2 53.6 81.0 34.4 235.5 100.0

Control participants 852.7 30.3 1,293.8 45.9 670.0 23.8 2,816.5 100.0

Observed risk 0.032 0.089 0.107

a Reclassification improved by 6.4% in case patients, whereas classification improved in control participants by 0.6%, leading to a net reclassi-

fication improvement of 7.0% (95% confidence interval: 1.9, 12.0; P ¼ 0.007). Category-less net reclassification improvement (>0) was 22.1%

(95% confidence interval: 11.8, 32.4; P < 0.001).
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thrombin generation has been suggested to make an important
contribution to risk of CHD, as shown by meta-analysis of
2 low-frequency variants that lead to increased thrombin
generation: Factor V Leiden and prothrombin G20210A, both
of which are associated with increased risk of CHD (37–40).
If the activated protein C cofactor activity of protein S con-
tributes to a protective association with CHD risk, then low
levels might be expected to contribute to CHD risk. In this
study, we wanted to assess the possibility that both low and
high protein S levels might be associated with CHD, but
examining CHD risk across tertiles or using the standard
deviation of protein S would mask any association of increased
risk with the lowest levels. In the current study, analyses of
restricted cubic splines and quintiles showed no tendency
toward a ‘‘J-shaped’’ risk relation, with a linear association
between free protein S and higher CHD risk fitting the data
best. Conclusions in the current study can only be drawn at

the cohort level, and the results do not rule out the possibility
that protein S mutation leading to protein S deficiency may
play a role in arteriothrombosis, as identified by case studies
(15, 41).

This 14-year follow-up study of healthy middle-aged men
confirms earlier reports from the NPHS-II (18) that overall,
high free protein S levels are associated with CHD risk. To
our knowledge, this is the first prospective cohort study that
has examined the association between free protein S levels
and risks of CHD and stroke. Although the study had limited
statistical power to detect an association with stroke, there
was no evidence of higher stroke risk in subjects with high
protein S levels. The CHD risk estimates associated with free
protein S quintiles in these United Kingdom men are stronger
in magnitude than those reported previously in this sample of
men on the basis of fewer than 168 events (18). The increasing
risk seen with higher free protein S quintiles, even after

Figure 3. Incidence of coronary heart disease (CHD) according to quintiles of free protein S and C-reactive protein (CRP) levels, Second
Northwick Park Heart Study, United Kingdom, 1989–2005. P for interaction ¼ 0.35.

Table 5. Relation Between Other Study Variables and Free Protein S Levels in Multiple Regression Analysis,

Second Northwick Park Heart Study, United Kingdom, 1989–2005

Independent Variablea
Effect Size (Slope) Test

Statistic
P Value

Variance Explained
(R 2), %b SE

Total cholesterol, mmol/L 3.47 0.42 7.86 <0.001 3.99

Alcohol consumption, units/week 0.20 0.03 7.81 <0.001 1.79

Body mass indexb 0.52 0.12 4.36 <0.001 1.18

Triglycerides, mmol/L 1.43 0.35 4.13 <0.001 0.60

Factor VIIc, % standard 0.04 0.01 2.75 0.006 0.12

Systolic blood pressure, mm Hg 0.04 0.02 2.18 0.030 0.21

Constant 61.20 4.42 �1.2 0.234

Abbreviation: SE, standard error.
a Total variance explained (including clinic): R2 ¼ 17.30.
b Weight (kg)/height (m)2.
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adjustment for other classical risk factors, demonstrates
that the risk association is independent of these interme-
diate traits. Furthermore, free protein S level exhibited
a modest improvement in risk prediction when it was
added to the Framingham risk score (35) and a modest
improvement in risk prediction when the Harrell’s c index
was used (1.35%, P ¼ 0.089).

These risk prediction metrics have been considered too
conservative once key classical risk factors have been added
to the model (32, 34), and the NRI has been suggested as
a simple intuitive method for examining the improvement
offered by a new biomarker (32, 34). Further, a category-less
or continuous NRI has been shown to be the most objective
and versatile measure of improvement in risk prediction
(32, 34). In the current study, the NRI increased by 7.0%
(P ¼ 0.007) and the category-less NRI (>0) increased by
22.1% (P< 0.001). Sensitivity analyses with the mean of all
available annual measurements of protein S for each individ-
ual in the 6-year follow-up period strengthened the results
(Web Table 2). When we used multiple regression analysis
including all well-known risk factors as well as CRP and/or
alcohol consumption, free protein S levels were still signif-
icantly associated with CHD, confirming that the association
with free protein S was acting independently of all classi-
cal CHD risk factors. Because men with any evidence of
prior CHD were not recruited into the study, the subjects here
could be considered a low-risk cohort, and we cannot ex-
clude the possibility that elevated levels of protein S may not
add significantly to prediction metrics, such as the area
under the receiver operating characteristic curve, in cohorts
with other baseline risk characteristics. However, reclassi-
fication improved in the intermediate risk group (6%–
20% 10-year risk), which comprised 48% of the subjects.

When the frequency of CHD was analyzed across both
quintiles of protein S and quintiles of CRP, a high frequency
of CHD was present only in subjects with both high protein S
and high CRP levels, and an approximately 3.5-fold eleva-
tion in risk was observed when the highest quintiles of CRP
and protein S were compared with the lowest quintiles. Since
the interaction term was not statistically significant, these
findings may have been due to chance and need to be con-
firmed in future studies. The suggestion that persons in the
top quintiles of both free protein S and CRP have the highest
CHD risk suggests that these 2 risk factors are acting in an
additive and mechanistically independent manner.

The mechanism of the association between protein S and
CHD risk is unclear. Atherosclerosis is an inflammatory dis-
ease of arterial endothelium and intima arising in part from
persistent exposure to oxidatively modified low density lipo-
proteins (42). Endothelial activation induces expression of
vasoactive substances, adhesion molecules, procoagulant
factors, cytokines, and growth factors. The proinflamma-
tory cytokines, including interleukin-1a, interleukin-1b,
interleukin-6, and tumor necrosis factor a, are expressed by
many cell types involved in the inflammatory process, in-
cluding endothelial cells, macrophages, monocytes, neutro-
phils, and fibroblasts (18), and a heightened inflammatory
response has been shown to have a major role in destabiliza-
tion of athermanous plaques (43). The inflammatory cy-
tokines are remarkably pleiotropic, but among their actions

are associations with free protein S concentration. Tumor
necrosis factor a has been reported to down-regulate en-
dothelial cell production of protein S but not hepatocyte
expression (44).

While most models have suggested that protein S is down-
regulated by inflammation, in another inflammatory condition,
systemic lupus erythematosus (45), free protein S has been
positively correlated with complement component 3 and com-
plement component 4. Protein S has been shown to be a ligand
for TAM kinases, which are key regulators of innate immu-
nity and are important in phagocytosis of apoptotic cells. It
is interesting to speculate that protein S levels may be raised
because of a heightened, perhaps inappropriate, immune re-
sponse. The reason stroke and CHD do not exhibit similar risk
profiles with regard to protein S is probably multifactorial.
While CHD and ischemic stroke are both associated with
inflammation, ischemic events causing stroke are often due
to embolization of a clot, either from the heart (including
atrial fibrillation, valvular heart disease, and atrial septal an-
eurysm) or from the carotid artery, while most CHD events
are due to atherosclerosis at the site of the event (coronary
arteries). There were insufficient numbers of subjects in this
study to analyze stroke by subgroup (just thrombotic stroke),
but the frequency of bleeding events was low and is unlikely
to have biased any potentially positive finding regarding
thrombotic events. In addition, the incidence of stroke in
NPHS-II was less than 3.3%, resulting in limited statistical
power to detect a modest association.

Approximately 40% of protein S circulates in a free form,
while the remaining 60% circulates in complex with C4bBP.
It used to be thought that only the circulating free protein S
was active in the context of the protein C pathway. However,
recently studies (46) have suggested that the C4bBP-protein
S complex also directly participates in Factor Va and Factor
VIIIa inactivation, and further, that C4bBP can inhibit acti-
vated protein C-catalyzed Factor Va inactivation in the absence
of protein S. In addition, in this context, in a recent genome-
wide analysis, Buil et al. (46) identified single nucleotide
polymorphisms within the complement component 4 binding
protein b (C4BPB)/complement component 4 binding protein
a (C4BPA) gene cluster at chromosome 1q32.2 as being con-
tributory to thrombophilia but unrelated to protein S levels.
The C4bBP b-chain is specifically required for binding to
protein S, and this isoform is considered a surrogate marker
of free protein S levels. It would be expected, therefore, that
the associations that have been identified for free protein S
in the current study might show the same associations, but
be negatively correlated, for the C4bBP b-chain-containing
isoform. Note also that the C4bBP a-chain binds CRP, and
perhaps the complex CHD risk profile observed between
protein S and CRP may reflect the relative expression of the
various forms of C4bBP; this requires further study.

In conclusion, we have confirmed and extended earlier
observations (18) of an independent association between ele-
vated levels of protein S and future risk of CHD. Since the
increase in NRI was modest, the addition of free protein S
measurement may not be of great clinical utility in identi-
fying subjects at high future risk of CHD, but if this relation
is confirmed and extended in further studies, it may help iden-
tify novel pathways in CHD risk and open up new avenues
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for potential risk reduction strategies. The novel finding of
the highest CHD risk in the highest quintiles of both CRP and
protein S requires additional analysis in further prospective
studies. Whether protein S is acting as a marker of CHD or
lies within a causal pathway of CHD could not be addressed
directly in the current study but will be the focus of future
work.
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