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Background: Coronary artery disease (CAD) risk is not fully revealed by traditional risk factors. Identification

of a simple, noninvasive tool that allows for detection of high-risk CAD patients and can be applied in large

populations and clinical settingswould prove valuable.

Hypothesis: We sought to test the hypothesis that peripheral arterial tonometry (PAT) would be associated

with residual risk in men with CAD.

Methods: In this study, finger PAT was used to measure pulse wave amplitude (PWA) during reactive

hyperemia (RH) and taken as a measure of microvascular endothelial function in 42 men with stable CAD

and well controlled low-density lipoprotein cholesterol (LDL-C) levels. Plasma levels of high-sensitivity C-

reactive protein (hs-CRP) and lipoprotein-associated phospholipase A2 (Lp-PLA2) were measured and used

to reclassify men into high-risk (elevated hs-CRP and Lp-PLA2), moderate-risk (either elevated hs-CRP or

Lp-PLA2), or low-risk (low hs-CRP and Lp-PLA2) groups.

Results: PWA-RH was significantly lower in the high-risk group (1.3± 0.04) compared to the moderate-risk

(1.6± 0.07, P < 0.05) and low-risk (2.0± 0.1, P < 0.05) groups. According to binary logistic regression,

PWA-RH was a significant predictor of high-risk status among men with CAD (P < 0.05).

Conclusion:Measurement of peripheralmicrovascular endothelial functionwith PATmaybe able to distinguish

high-risk men frommoderate- and low-risk men with stable CAD andwell-controlled LDL-C levels and thus aid

in residual risk stratification in this at risk cohort.

Introduction

Patients with stable coronary artery disease (CAD) have
a high-risk of subsequent cardiovascular (CV) events
and mortality. Currently, cardiovascular risk reduction
approaches in patients with CAD are focused on lipid
management, in particular reducing circulating levels of
low-density lipoprotein cholesterol (LDL-C).1 However,
lowering LDL-C alone does not confer adequate risk
reduction for many patients with CAD.1 Both primary and
secondary prevention trials indicate that 60% to 70% of
major CV events are not prevented with current therapeutic
strategies2 and traditional CV risk factors fail to explain
almost 50% of CAD morbidity and mortality.3 Therefore,
identification of a simple, noninvasive prognostic tool that
improves detection/stratification of high-risk patients and
can be applied in large populations and/or clinical settings
would prove invaluable.

Persistent impairment of endothelial function despite
optimized therapy to reduce traditional atherosclerotic
risk factors has an adverse impact on outcome in CAD
patients.4,5 Use of finger peripheral arterial tonometry (PAT)
to measure pulse wave amplitude (PWA) during reactive

hyperemia (RH) is currently being investigated as a non-
invasive measure of peripheral microvascular endothelial
function.6,7 This measure correlates with coronary and
conduit artery endothelial function,6 – 8 is dependent on
nitric oxide synthesis,9 and can be improved by thera-
pies known to improve endothelial function.10 – 12 PWA-RH
is associated with CV risk factors6,7,13 and is predictive of
future CV events.14,15 Whether PAT can aid with resid-
ual risk stratification in men with CAD and well-controlled
LDL-C levels remains unknown. Hence the purpose of this
study was to examine the clinical utility of PWA-RH for risk
stratification in this cohort.

Methods
A total of 42 men with CAD (defined by the presence of
ischemia or infarction on single-photon emission computed
tomographicnuclear myocardialperfusion imaging or >50%
stenosis of an epicardial coronary artery by angiography)
were enrolled in this study. All men had statin-controlled
LDL-C levels <100 mg/dL. Exclusion criteria included:
myocardial infarction or unstable angina pectoris within the
previous 3 months; a history of congestive heart failure or
left ventricular ejection fraction <40%; known severe valvular
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Table 1. Patient Characteristics

Variable All n = 42 Low-risk n = 14 Moderate-Risk n = 16 High-Risk n = 12

Total cholesterol, mg/dL 141± 3 135 ± 7 137 ± 5 147± 5

LDL-C, mg/dL 80 ± 3 77± 5 77± 3 82 ± 4

HDL-C, mg/dL 40 ± 1 39 ± 2 40 ± 2 42± 2

Systolic BP, mm Hg 124 ± 2 125± 4 126± 3 120 ± 1

Diastolic BP, mm Hg 75 ± 1 76± 2 77± 2 72 ± 2

Diabetes, n (%) 8 (19) 2 (14) 4 (25) 2 (17)

Smoker, n (%) 28 (67) 9 (64) 10 (63) 9 (75)

Framingham risk score (%) 13 13 13 13

hs-CRP, mg/L 3.0 ± 0.4 1.2 ± 0.2 3.4 ± 0.6a 4.6± 0.4a

Lp-PLA2, ng/dL 279.4 ± 11.7 211.5± 12.5 287.0 ± 16.7a 348.4 ± 11.4a,b

Medication History

Aspirin, n (%) 36 (86) 14 (100) 12 (75) 10 (83)

β-Blocker, n (%) 35 (83) 10 (71) 14 (88) 11 (92)

Calcium channel blocker, n (%) 8 (19) 1 (10) 4 (25) 3 (25)

ACE inhibitor, n (%) 25 (60) 10 (71) 8 (50) 7 (58)

Nitrates, n (%) 8 (19) 3 (21) 2 (13) 3 (25)

AR blocker, n (%) 6 (14) 1 (7) 3 (18) 2 (17)

Abbreviations: ACE, angiotensin-converting enzyme; AR, angiotensin receptor; BP, blood pressure; HDL-C, high-density lipoprotein cholesterol; hs-CRP,

high sensitivity C-reactive protein; LDL-C, low-density lipoprotein cholesterol; Lp-PLA2, lipoprotein-associated phospholipase A2.

Data are mean ± SEM.
a Significantly different from low-risk.
b Significantly different from moderate-risk.

heart disease; a triglyceride level >400 mg/dL; uncontrolled
hypertension;and liver/renaldysfunction.The protocol was
approved by the institutional review board at Tufts Medical
Center, and all patients provided informed written consent
before enrollment.

The presence or absence of the following CV risk factors
was assessed in each patient: male sex; hypertension (sys-
tolic blood pressure >140 mm Hg, diastolic blood pressure
>90 mm Hg or treatment with an antihypertensive agent);
diabetes mellitus (fasting glucose levels >126 mg/dL or
treatment with an oral hypoglycemic agent); family history
of CV disease, and smoking status (having smoked at least 5
cigarettesper d within the prior mo). From this information,
a Framingham 2-year recurring risk score was calculated
as previously described.16 Vascular measures were per-
formed with the subject in a supine position in a dimly lit,
temperature-controlled room following a 10-minute acclima-
tization period. Participants were tested in a fasted state

(>12 h overnight fast) and asked to refrain from exercise,
smoking, and caffeine consumption on the day of testing.

Pulse wave amplitude was assessed before and during
reactive hyperemia (RH) by PAT (Endo-PAT2000, Itamar
Medical Ltd., Caeserea, Israel) as previously described
in detail.6 Baseline PWA data was collected using
plethysmographic finger cuffs, placed on the index finger of
both hands, for a period of 5 minutes. An ischemic stimulus
was induced by cuff occlusion (inflation of a brachial cuff to
a supra-systolic pressure of 200 mm Hg for 5 min) and the
PWA-RH index was calculated as the ratio of the average
PWA over a 1-minute epoch, starting after cuff release, to
the preocclusion baseline PWA.

Fasting blood draws were obtained and stored at −70◦C
for each subsequent batch analysis. Validated assays for
lipoprotein-associated phospholipase A2 (Lp-PLA2) and
high-sensitivityC-reactiveprotein(hs-CRP) were performed
(diaDexus, San Francisco, CA). Blood lipids were assessed
using standard techniques in a clinical laboratory.
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Clinical Investigations continued

Statistical Analysis

All data are reported as means ± SEM. A priori significance
was set at P < 0.05. Normality of distribution was assessed
using Kolmogorov-Smirnof and Shapiro-Wilk tests. Patients
were separated using median values of hs-CRP and Lp-PLA2
as cut points. Patients with both hs-CRP and Lp-PLA2 above
the group median were taken as high-risk. Patients with
either hs-CRP or Lp-PLA2 above the group median were
taken as moderate-risk. Patients with both hs-CRP and Lp-
PLA2 below the group median were taken as low-risk. Anal-
ysis of variance was used to compare continuous variables
between groups. If a significant group effect was detected,
post hoc comparisons were made using independent sam-
ples t tests. χ2 tests were used to compare categorical
variablesbetween groups. Pearson’s correlationcoefficients
were used to assess relationshipsbetween variables of inter-
est. Binary logistic regression analysis was performed to
examine predictors of high risk status in our cohort. Vari-
ables entered into the model included traditional cardiovas-
cular risk factors (age, presence/absence of hypertension,
presence/absenceof diabetes, smoking status, high-density
lipoprotein cholesterol, total cholesterol) and PWA-RH.

Results
Patient ages were 60 ± 1 years old, height = 1.77 ± 0.01 m,
and weight = 91.9 ± 2.3 kg. All patients were taking at
least 1 antihypertensive agent (range, 1–3 agents; average
2 antihypertensive agents). Patient demographic data
according to risk (identified by hs-CRP and Lp-PLA2) are
presented in the Table. When separated according to risk,
groups did not differ in age, height, and weight (P > 0.05).
There were significant group differences in PWA-RH
(P < 0.05; Figure 1). According to post hoc comparisons,
PWA-RH was different in high-risk vs moderate-risk and
low-risk patients (P < 0.05), and PWA-RH was different in
moderate-risk vs low-risk patients (P < 0.05). According
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Figure 1. Index of pulse wave amplitude during reactive hyperemia in men

with CAD according to CV risk. Data are mean ± SEM.

Abbreviations: CAD, coronary artery disease; CV, cardiovascular; PWA-RH,

pulse wave amplitude during reactive hyperemia.
a Significantly different from low-risk.
b Significantly different from moderate-risk.
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Figure 2. Association betweenPWA-RH and Lp-PLA2 in men with CAD.

Abbreviations: CAD, coronary artery disease; Lp-PLA2,

lipoprotein-associated phospholipase A2; PWA-RH, pulse wave amplitude

during reactive hyperemia.

to binary logistic regression, after controlling for traditional
risk factors, PWA-RH was a significantpredictor of high-risk
status among all patients (β = −27.9, Wald statistic = 5.1,
P < 0.05). When examining moderate-risk and high-risk
patients only, PWA-RH was able to predict high-risk status
(β = −7.1, Wald statistic= 5.0, P < 0.05). When examining
moderate-risk and low-risk patients only, there was a trend
for PWA-RH to predict moderate-riskstatus(β = −1.8, Wald
statistic = 3.4, P = 0.06). There was a positive association
between hs-CRP and Lp-PLA2 (r = 0.28, P < .05). There
was a significant inverse association between PWA-RH
and hs-CRP (r = −0.37, P < 0.05) and Lp-PLA2 (r = −0.54,
P < 0.05; Figure 2).

Discussion
Patients with stable CAD have a high risk of subsequent
CV events and mortality. However, CV risk appears quite
variable as not all patients who have had a CV event are
at the same risk of such an event recurring. Moreover,
approximately two-thirds of all CV events still occur with
statin therapy, signifying that significant residual risk
prevails despite well controlled LDL-C.17 Recently, results
from the Justification for the Use of Statins in Primary
Prevention: An Intervention Trial Evaluating Rosuvastatin
(JUPITER) trial have highlighted that CV event rates
are reduced with statin therapy provided both LDL-C and
hs-CRP levels are targeted.18,19 Patients with ‘‘normal’’ LDL-
C (<130 mg/dL) but high hs-CRP are at increased CV
risk and hs-CRP reduction via statin therapy reduces risk
independent of LDL-C modulation18,19 suggesting a role
for inflammation in residual risk. Lipoprotein-associated
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phospholipase A2 is a marker of vascular inflammation that
whencombinedwith hs-CRP may improveprognosticpower
for CV risk stratificationbeyond traditional risk factors.20 – 25

In the Atherosclerosis Risk In Communities (ARIC) study,
patients with elevated hs-CRP and elevated Lp-PLA2 were
3 times more likely to suffer a coronary event and 11
times more likely to suffer an ischemic stroke compared
with individuals with low levels of these inflammatory
biomarkers.26,27 Thus, men with CAD and elevated hs-CRP
and Lp-PLA2 may be a particularly vulnerable, higher risk
group.

The novel finding of the present study is that PWA-RH
obtained from PAT is able to distinguish high-risk from
moderate-risk and low-risk patients in men with stable CAD
and well controlled LDL-C levels. Moreover, this technique
may be able to distinguish moderate-risk from low-risk
patients. Thus, PAT may aid in residual risk stratification in
this at risk cohort.

Microvascular endothelial function measured by PAT
is reflective of CV risk factor burden and is reduced
in patients with documented CAD compared to patients
without CAD.6,7,13,15 In the present study, CV risk (according
to traditional risk factor assessment) was similar among
men with CAD. However, Lp-PLA2 and hs-CRP were quite
variable, possibly suggesting varying levels of risk. Recent
work from Kitta et al have shown that persistent impairment
of endothelial function despite optimized therapy to reduce
atherosclerotic risk factors has an adverse impact on
outcome in CAD patients.5 Conversely, interventions that
improve endothelial function improve clinical outcome.4,28

Therefore, it has been suggested that measurement of
endothelial function may have better predictive value for
future CV events than the analysis of traditional risk factors
alone.5 Given the ease of use of PAT in an ambulatory
setting,7 our findings suggest that this technique may have
clinical utility as a means of identifying patient subgroups at
higher risk for CV events. Subsequently, these patients may
require more stringent medical management of traditional
and nontraditional risk factors to improve endothelial
function and reduce CV risk.

It is currently accepted that inflammation is intimately
entwined in the pathogenesis of CAD29,30 and there
is a strong link between inflammation and endothe-
lial dysfunction.31– 35 To our knowledge, this study is
the first to note an association between peripheral
microvascular endothelial function (measured using PAT)
and systemic/vascular inflammation. Therefore, similar
to other noninvasive methods of endothelial function
assessment,36,37 PWA-RH obtained from PAT may be a
sensitive method for detecting inflammatory burden in men
with CAD.

Limitationsto this study should be noted.This study has a
relativelysmall samplesize witha rather homogenousgroup
of participants. Additional research is needed to examine if
findings extend to other cohorts such as women. Residual

risk was evaluated using circulating levels of inflammatory
biomarkers. Whether said biomarkers are causative or
reflective of disease remains to be determined. Finally,
this study lacks information on clinical end points and only
examines a single surrogate marker (ie, PWA-RH from
PAT).

In conclusion, measurement of peripheral microvascular
endothelial function with PAT can distinguish high-risk
from moderate-risk and low-risk patients in men with
stable CAD and well controlled LDL-C and thus aid in
residual risk stratification in this at risk cohort. Future
research is needed to examine if more aggressive therapy
that targets inflammation and endothelial dysfunction can
concomitantly improve clinical outcome (ie, reduce residual
risk) in patients with CAD.
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