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Abstract

We hypothesized that higher serum levels of N-terminal pro-B-type natriuretic peptide (NT-pro-
BNP) are associated with lower functional capacity in patients with peripheral arterial disease
([PAD] n = 481, mean age 67, 68% men). Functional capacity was quantified as distance walked
on a treadmill for 5 minutes. Patients were divided into 3 groups according to the distance walked:
>144 yards (group I, n = 254); 60 to 144 yards (group 2, n = 80); <60 yards or did not walk (group
3, n = 147). The association between NT-pro-BNP levels and the ordinal 3-level walking distance
was assessed using multivariable ordinal logistic regression analyses that adjusted for several
possible confounding variables. Higher levels of NT-pro-BNP were associated with a lower
ordinal walking category independent of possible confounders (odds ratio [OR] 1.51, 95%
confidence interval [CI] 1.28-1.77; P < .001). In conclusion, higher levels of NT-pro-BNP are
independently associated with lower functional capacity in patients with PAD and may be a
marker of hemodynamic stress in these patients.
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Introduction

Peripheral arterial disease (PAD) is a relatively common manifestation of systemic
atherosclerosis characterized by endothelial dysfunction, arterial stiffness, and stenoses or
occlusions of the lower limb arteries.12 Peripheral arterial disease affects a significant
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proportion of elderly populations worldwide3# and is associated with adverse cardiovascular
events including myocardial infarction, stroke, and death.5 As the proportion of elderly
people in the population increases, PAD will become an even greater public health burden
unless steps are taken to reduce the prevalence of modifiable risk factors such as smoking.
Functional disability is common among patients with PAD and leads to impaired quality of
life.6.7 One of the major goals of PAD management is to improve functional capacity. A
better understanding of the mechanisms underlying impaired functional capacity is needed
to develop effective interventions and improve the quality of life in patients with PAD.

In previous studies,®° we demonstrated that arterial stiffness is associated with reduced
functional capacity in patients with PAD. N-terminal pro-B-type natriuretic peptide (NT-
pro-BNP), a marker of left ventricular and hemodynamic stress, plays important roles in
modifying cardiac load and reparative vascular remodeling.19 Several studies have shown
NT-pro-BNP to be elevated in patients with PAD11-13 and to be associated with the severity
of PAD based on Fontaine classification.14 Moreover, levels of NT-pro-BNP are predictive
of 5-year mortality in patients with PAD.15 The relationship between NT-pro-BNP and
functional capacity has not been studied in patients with PAD. Since arterial stiffness leads
to increased hemodynamic and cardiac burden, we hypothesized that higher levels of NT-
pro-BNP would be associated with lower functional capacity in patients with PAD. We
tested this hypothesis by measuring serum NT-pro-BNP levels in patients referred for
outpatient noninvasive lower extremity arterial evaluation.

Study Population

The study protocol was approved by the Institutional Review Board of the Mayo Clinic and
all patients gave informed written consent. Between December 2006 and December 2008,
548 patients with PAD referred to the Mayo Clinic outpatient noninvasive vascular
laboratory were recruited to participate in a study of genetic and proteomic biomarkers of
PAD. Peripheral arterial disease was defined based on having a resting or post-exercise
ankle-brachial index (ABI) <0.9, presence of poorly compressible arteries (ABI >1.4; or
ankle blood pressure [BP] >255 mm Hg), or prior history of lower extremity
revascularization. We identified patients with heart failure by screening the electronic
medical record (EMR) for the corresponding International Classification of Diseases, Ninth
Revision, Clinical Modification (ICD-9-CM) code (428.*) within the time frame of 1 year
centered upon the date of sample collection. The medical record of these patients was
reviewed and they were excluded if they had an ejection fraction <50%, diastolic
dysfunction grades 3 and 4, moderate/severe valvular abnormalities, presence of
Framingham criteria for heart failure, or other structural heart diseases. We eventually
excluded 32 patients with heart failure based on the above algorithm in addition to patients
who had nonatherosclerotic vascular diseases (n = 35).

Noninvasive Lower Extremity Arterial Evaluation

Resting and post-exercise ABI were measured by vascular technicians in the noninvasive
vascular laboratory using an established protocol.16 The higher of the 2 brachial systolic BPs
was used to calculate the ABI at the posterior tibial artery and the dorsalis pedis artery in
each leg. For each patient, the lowest resting ABI and the ABI at 1 minute after exercise
were used in the analyses. Functional capacity was assessed using a fixed-grade motorized
treadmill (Treadmill Proform, Icon Health & Fitness, Logan, Illinois). A 5-minute treadmill
test with a speed of 1 to 2 mph and a fixed grade of 10° with continuous electrocardiogram
monitoring was performed to measure post-exercise ABI as well as walking distance.
Functional capacity was estimated in terms of distance covered in 5 minutes for those who
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walked less than 5 minutes.1718 For patients who walked the full 5 minutes, the walking
distance is “right censored” and the censoring distance is different depending on the walking
speed. Therefore, the functional capacity for these patients was imputed as described in the
statistical analysis section. Per laboratory protocol, patients with severe PAD (ABI < 0.5) or
poorly compressible arteries did not undergo the treadmill test.

Cardiovascular Risk Factors and Comorbidities

The EMR was reviewed to ascertain age, sex, body mass index (BMI), systolic and diastolic
BP, cardiovascular risk factors (hypertension, diabetes, dyslipidemia, and smoking status),
comorbidities (coronary heart disease, cerebrovascular disease, or heart failure), and statin
use. The laboratory values closest to the date of sample collection were also extracted from
the EMR including serum creatinine, fasting, glucose, triglycerides, and total and high-
density lipoprotein (HDL) cholesterol. Smoking status was classified as “ever” or “never.”
The diagnosis of hypertension was established either with 2 BP readings of 2140/90 mm Hg
within 3 months or a prior diagnosis of hypertension and current treatment with
antihypertensive medications. Similarly, diabetes was diagnosed if the patient had a fasting
glucose measurement >126 mg/dL or a random glucose >200 mg/dL or had a prior diagnosis
of diabetes, and was on treatment with oral hypoglycemic agents or insulin. Dyslipidemia
was defined as total cholesterol >200 mg/dL or HDL cholesterol <40 mg/dL (men), <45 mg/
dL (women) or triglycerides >150 mg/dL, or use of a lipid-lowering medication. Estimated
glomerular filtration rate (eGFR) was calculated using the abbreviated equation from the
“Modification of Diet in Renal Disease study” by Levey et al.1?

N-Terminal Pro-B-Type Natriuretic Peptide Assay

Samples of venous blood were taken after 20 to 30 minutes of rest in an upright sitting
position. Serum samples were immediately frozen and stored at —80°C until assessment.
Serum NT-pro-BNP was measured by the commercially available Roche
electrochemiluminescence immunoassay. Intra-assay and interassay precision was assessed
using BioRad Cardiac controls. The intra-assay coefficient of variations (CVs) were 1.1%
and 1.3% at 122 and 3629 pg/mL, respectively, and the interassay CVs were 3.1% and 1.8%
at 121 and 3635 pg/mL, respectively.

Statistical Analysis

Continuous data were summarized as mean = standard deviation (SD) or median
(interquartile ranges; IQR) and categorical data were expressed as percentages (%). Serum
levels of NT-pro-BNP were log transformed because of skewed distribution. For patients
who completed the 5-minute walk (n = 254), we imputed mean walking times since
discarding them or simply treating them as the actual walking distance could lead to biased
results. Imputation was based on normal theory calculations using speed-specific truncated
mean, variance, and estimated normal truncation point (a detailed description of the
imputation procedure is provided in Appendix A). The imputed walking times for patients
who completed the 5-minute treadmill test at walking speeds of 1, 1.5, and 2.0 mph were
6.24, 6.60, and 7.18 minutes, respectively. This was consistent with an increasing proportion
of patients finishing the 5-minute walk at speeds of 1.0, 1.5, and 2.0, respectively. Walking
distances were then calculated as imputed walking time multiplied by walking speed.

The association of NT-pro-BNP levels with functional capacity was assessed by ordinal
logistic as well as linear regression analyses. Regression analyses were performed in a
hierarchical fashion, sequentially adjusting for potential confounding variables. Patients
were divided into 3 ordinal categories according to their functional capacity (walked <60
yards or did not walk, walked 60-144 yards, or walked >144 yards), and predictors of
functional capacity were analyzed by ordinal logistic regression analysis. In the subgroup of
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patients who walked (n = 352), multivariable linear regression analysis was performed using
walking distance (observed or imputed) as the dependent variable. The variables adjusted for
included age, sex, BMI, smoking status, diabetes, hypertension, dyslipidemia, coronary heart
disease/cerebrovascular disease, eGFR, statin use, pulse pressure, and resting ABI. A 2-
sided P < .05 was deemed significant. Statistical analyses were carried out using SAS v
9.1.3 (SAS Institute, Cary NC) software package.

The clinical characteristics of the 481 study participants by strata of functional capacity are
summarized in Table 1; 31% were diabetic, 72% were hypertensive, 85% had dyslipidemia,
54% had history of coronary heart disease, and 34% had history of cerebrovascular disease.
Patients in the lower functional capacity categories had higher levels of NT-pro-BNP, were
older, had higher prevalence of diabetes, and lower prevalence of history of smoking.
Overall, 52% (n = 254 patients) walked >144 yards; 17% (n = 80) walked 60 to 144 yards;
and 31% (n = 147) walked <60 yards or did not walk. In the subgroup of patients who
walked (n = 352), the mean walking distance (observed or otherwise censored) was 202 + 75
yards and the mean walking time was 4.3 + 1 minutes. Among 129 patients who did not
walk, 46% (n = 60) had severe PAD and 54% (n = 69) had poorly compressible arteries.

The median (IQR) levels of NT-pro-BNP were significantly higher among those with poorer
functional capacity (109 [52-297], 177 [71-411], and 425 [116-1,214] pg/mL; P < .001, in
the 3 groups respectively, Table 1). As shown in Figure 1, levels of NT-pro-BNP were
associated with functional capacity and were significantly higher in groups 2 and 3
compared with group 1. Only 20% of patient in the first quartile of NT-pro-BNP levels (< 64
pg/mL) had poor functional capacity (group 3), whereas approximately 60% of those who
were in the fourth quartile of NT-pro-BNP levels (>520 pg/mL) had poor functional
capacity. In multivariable ordinal logistic regression analysis, a 1 unit increase in log NT-
pro-BNP levels was associated with an OR of 1.53 for having lower functional capacity
(95% CI: 1.33-1.76; P < .001) after adjustment for age, sex, and BMI. This association
remained significant (P < .001) in all of the subsequent models that also adjusted for
smoking status, diabetes, hypertension, coronary heart disease/cerebrovascular disease,
eGFR, statin use, pulse pressure, and resting ABI. Table 2 demonstrates the sequential
adjustment in each of the statistical models with the respective P values. In addition, older
age(P=.008) was also a significant predictor of lower functional capacity.

In multivariable linear regression analyses limited to those patients who walked, lower
walking distance was significantly associated with higher levels of NT-pro-BNP (§ £
standard error [SE]: —19.0 £ 5.2; P <.001). When adjusted for age, sex, and BMI, the
association was attenuated but remained significant (3 + SE: -11.9 £ 5.4; P=.038). In a
model incorporating additional possible confounding variables, NT-pro-BNP remained
significantly associated with lower functional capacity (b + SE; —11.6 + 5.9; P=.049; Table
3). Other predictors of lower functional capacity in the final model were older age (P <.
001), female sex (P < .001), greater BMI (P = .002), and lower resting ABI (P =.002).

Discussion

The main finding of this study is that higher levels of NT-pro-BNP are associated with lower
functional capacity in patients with PAD independent of potential confounders including
age, sex, BMI, smoking status, diabetes, hypertension, coronary heart disease,
cerebrovascular disease, dyslipidemia, statin use, renal function, pulse pressure, and resting
ABI. To the best of our knowledge, the present study is the first to show an association
between serum levels of NT-pro-BNP and functional capacity of patients with PAD. Higher
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levels of NT-pro-BNP in patients with PAD may reflect impaired cardiac reserve and
inadequate peripheral perfusion due to advanced systemic atherosclerosis of the coronary
circulation as well as the peripheral arterial bed. Consistent with previous studies, we noted
that older age, female sex, higher BMI, and lower resting ABI were associated with
impaired functional capacity in patients with PAD.8:9.20

N-terminal pro-B-type natriuretic peptide is a key cardiovascular peptide hormone mainly
secreted from ventricular cardiomyocytes in response to increased transmural wall tension
due to ventricular stress, hypertrophy, or volume overload.21:22 It is widely accepted that
patients with PAD have endothelial dysfunction and increased arterial stiffness with
hemodynamic consequences of increased flow resistance and systolic workload, and reduced
diastolic perfusion of the left ventricle.23-26 We and others have shown that increased
arterial stiffness is associated with decreased functional capacity in patients with PAD.89 In
addition, arterial stiffness is known to increase in the presence of risk factors that predispose
to coronary atherosclerosis and that may in turn result in subclinical myocardial
ischemia,2”-28 with a subsequent increase in cardiac filling pressures, ventricular workload,
and reduction in cardiac reserve. Diminished cardiac reserve combined with lower extremity
ischemia due to arterial stiffening, stenosis, or occlusion may limit functional capacity in
patients with PAD.20 Simultaneously, the increased afterload, ventricular stiffness, and
filling pressures will eventually lead to increased ventricular wall stress/tension and NT-pro-
BNP secretion.29:30 The aforementioned factors will collectively lead to decreased
functional reserve of the left ventricle, reduced exercise tolerance, and diminished walking
capacity.

Moreover, BNP has been recently shown to be secreted from the skeletal muscles in mice in
response to hind limb ischemia.3! Therefore, the increased levels of NT-pro-BNP in patients
with PAD could be dual in origin with ventricular stress being the central and probably the
main site of BNP production along with the peripheral production of BNP from the affected
ischemic skeletal muscles.10:31 Figure 2 summarizes the key mechanisms that might link
increased NT-pro-BNP levels with decreased functional capacity in patients with PAD.

Natriuretic peptides may have beneficial effects in patients with PAD by promoting
angiogenesis, modifying vascular endothelial function, reducing cardiac load, and improving
blood supply to the legs by diuretic and vasodilatory effects.31-34 In animals, low-dose
infusions of atrial natriuretic peptide (ANP) over 48 hours reduced peripheral vascular
resistance and BP.3° Transgenic mice that overexpress BNP in response to hind limb
ischemia have accelerated vascular regeneration following experimental femoral artery
ligation.36 More recently, Park et al found that infusion of recombinant human ANP in
patients with PAD increased ABI and improved rest pain, pain-free walking distance, and
ulcer healing.33 Further randomized studies are needed to evaluate the therapeutic potential
of natriuretic peptides in patients with PAD.

An alternative approach to improving functional capacity in patients with PAD may be to
reduce arterial stiffness which in turn will result in decreased hemodynamic stress. Statins
have been shown to decrease arterial stiffness,3” improve endothelial function,38 and
increase functional capacity in patients with PAD.39 In a meta-analysis of 43 clinical trials,
statins increased walking distance by nearly 160 m.40 Angiotensin-converting enzyme
(ACE) inhibitors appear to reduce arterial stiffness by decreasing collagen deposition and
increasing fibrillin 1 production in the vascular wall.*> Angiotensin-converting enzyme
inhibitors have been shown to increase walking distance in patient with PAD,*2 and ACE
inhibitor-related decreases in arterial stiffness have been proposed as the underlying
mechanism for improvement in functional capacity. In 40 patients with PAD (mean age, 66),
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those receiving ramipril for 24 weeks doubled their walking time compared to patients
receiving placebo, with concomitant improvement in arterial stiffness parameters.*2

Although patients with PAD may benefit from increased circulating levels of BNP, such
levels represent increased hemodynamic stress and possibly ongoing skeletal muscle
ischemia. Levels of NT-pro-BNP are also predictive of 5-year mortality in patients with
PAD.15 Levels of NT-pro-BNP could be useful in routine clinical visits for personalized
therapy to guide further diagnostic and therapeutic interventions including revascularization
and regular exercise programs. Further studies are needed to demonstrate whether treatment
strategies guided by NT-pro-BNP levels will decrease morbidity and mortality in patients
with PAD and whether NT-pro-BNP will find a place in the routine clinical stratification of
risk among such patients.

Strengths and Limitations

Our study has several potential limitations. Patients with PAD were recruited from patients
referred to the noninvasive vascular laboratory and some degree of referral bias is likely
present. The assessment of heart failure was based on the review of EMR. Therefore, there
is a chance that part of observed association is related to undiagnosed heart failure or
presence of patients with asymptomatic heart failure. However, the prevalence of heart
failure in this study (6%) is similar to the previously reported prevalence in patients with
PAD.1543 Tg estimate the functional capacity more objectively, imputed walking distance
was used in the analyses of patients who completed the exercise test. Also, patients with
severe PAD and poorly compressible arteries did not walk per our laboratory protocol and
this may have biased the ordinal logistic regression analysis results. However, in
multivariable linear regression analyses that included only patients who walked, higher
levels of NT-pro-BNP remained significantly associated with lower walking distance after
adjustment for possible confounding variables.

Conclusions

We demonstrate that higher levels of serum NT-pro-BNP are independently associated with
impaired functional capacity in patients with PAD. These findings suggest that elevated
levels of NT-pro-BNP may be a marker of hemodynamic stress and atherosclerotic burden
in patients with PAD. The underlying pathophysiological mechanisms and clinical
implications of these findings warrant further investigation.
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Appendix A: Walking Distance Imputation Calculations

Suppose we observe that a proportion P finishes the 5-minute walk in a particular treadmill
speed group.

Let C= 1 (P)and let &(C) = P
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and let ¢(C) designate the normal density at this truncation/censoring point. Then the mean
and variance of the observed (truncated) distribution of X can be related to the mean and
variance of the unobserved untruncated normal distribution via the following relationships:

E(X)=p+o[C(1-2) -9
YalX) 2.9 (1 - ) +0+C-¢—2-C-D- ¢ — ¢?

o2

We then equate the observed mean and variance to the values in the left side of these 2
equations and solve for the underlying mean and variance parameters j and o2.

6'2: Var(X)
(CZ3(1_0)101C-¢_2CDd—37)
p=E(X) -o[C(1—-2)—¢]

Finally, we use these estimated underlying normal mean and variance to calculate the
expected residual time within each walking speed for all finishers.

¢

B(T|(T>5)=i+0 s
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A, Box and whisker plots comparing serum NT-pro-BNP levels among the study groups.
Patients in group 1 walked >144 yards compared with group 2 (60-144 yards) and group 3
(<60 yards or did not walk due to ABI <0.5 or poorly compressible arteries). B, The
proportion of 3 functional groups in each quartile of NT-pro-BNP levels. NT-pro-BNP
indicates N-terminal pro-B-type natriuretic peptide; ABI, ankle—brachial index.
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Possible mechanisms underlying the association between walking capacity and N-terminal
pro-B-type natriuretic peptide levels in patients with peripheral arterial disease. Asterisk
indicates lower extremity ischemia may cause B-type natriuretic peptide secretion from
satellite cells within the ischemic skeletal muscles.
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Table 1
Baseline Characteristics of the Study Patients®

Group 1b, n=254 Group ZC, n=80 Group 3d, n =147

Age, years 65+ 10 67 +11 71+11
Men (%) 184 (72) 46 (57) 95 (65)
BMI, kg/m? 284 %46 30247 285+6.0
Total cholesterol, mg/dL 193 + 48 201 +61 174 + 48
LDL cholesterol, mg/dL 109 + 40 111+ 46 95+ 35
HDL cholesterol, mg/dL 49 +15 49 + 17 47 +14
Triglycerides, mg/dL 144 (104-203) 165 (110-240) 130 (90-187)
Systolic blood pressure, mm Hg 136.1+19.1 135.2+16.1 137.3+228
Diastolic blood pressure, mm Hg 71.7+938 70.1+9.1 68.7 +10.7
Pulse pressure, mm Hg 64.5+17.0 65.4 £ 15.6 67.0+£18.3
Serum creatinine, mg/dL 1.1+05 1.1+04 14+12
eGFR, mL/min 66.5 + 18.9 65.7 +20.9 62.0+24.1
Ever smoker (%) 217 (85) 68 (85) 109 (74)
Hypertension (%) 177 (70) 57 (71) 113 (77)
Diabetes (%) 59 (23) 24 (30) 65 (44)
Dyslipidemia (%) 218 (86) 72 (90) 117 (80)
Statin use (%) 128 (50) 44 (55) 69 (46)
CHD (%) 140 (55) 39 (49) 83 (56)
CVD (%) 76 (30) 31 (39) 57 (39)
Resting ABI 0.72+0.25 0.65+0.22 0.69+0.41
Post-exercise ABI 0.48 £0.27 0.43+0.25 0.40 +0.27%
NT-pro-BNP, pg/mL 109 (52-297) 177 (71-411) 425 (116-1214)
Log NT-pro-BNP 479+£135 516 +1.12 593 +1.61
Walking distance, yards 232.6 £56.7 104.5+23.3 50.7 £ 6.6

Abbreviations: BMI, body mass index; LDL, low-density lipoprotein; HDL, high-density lipoprotein; eGFR, estimated glomerular filtration rate;
CHD, coronary heart disease; CVD, cerebrovascular disease; ABI, ankle-brachial index; NT-pro-BNP, N-terminal pro-B-type natriuretic peptide.

a . . o L . . .
Continuous variables are presented as mean + standard deviation, or median (interquartile ranges); categorical variables are presented as numbers
(percentages).

bGroup 1: walked >144 yards.
CGroup 2: walked 60-144 yard.
dGroup 3: walked <60 yards or did not walk.

e . . . - . S
A total of 18 patients with peripheral arterial disease underwent exercise testing in this group.
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Table 2
Association between Serum NT-Pro-BNP Levels and Walking Distance in Patients with
Peripheral Arterial Disease by Ordinal Logistic Regression Analysis

Odds Ratio (95% Confidence Interval) P

Unadjusted 1.63 (1.43-1.86) <.001
Model 12 1.53 (1.33-1.76) <.001
Model 2b 1.52 (1.30-1.79) <.001
Model 3¢ 1.51(1.28-1.77) <.001

Abbreviations: NT-pro-BNP, N-terminal pro-B-type natriuretic peptide; eGFR, estimated glomerular filtration rate.
aModeI 1: adjusted for age, sex, and body mass index (BMI).

bModel 2: adjusted for age, sex, BMI, smoking status, presence of diabetes, hypertension, dyslipidemia, coronary heart disease/cerebrovascular
disease, eGFR, statin use, and pulse pressure.

CModel 3: adjusted for variables in model 2 plus resting ankle-brachial index.
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Table 3
Association between Serum NT-Pro-BNP Levels and Walking Distance in Patients with

Peripheral Arterial Disease by Multiple Linear Regression Analysis"’l

Bb + Standard Error P

Unadjusted -19.0+52 <.001
Model 1€ -11.9+54 .038
Model 2d -139+59 020
Model 3¢ -11.6 +5.9 049

Abbreviations: NT-pro-BNP, N-terminal pro-B-type natriuretic peptide; eGFR, estimated glomerular filtration rate.

a352 patients underwent the treadmill test.

bThe B coefficients represent the predicted response (walking capacity in yards) for a 1 unit change in log NT-pro-BNP level.
CModel 1: adjusted for age, sex, and body mass index (BMI).

Model 2: adjusted for age, sex, BMI, smoking status, presence of diabetes, hypertension, dyslipidemia, coronary heart disease/cerebrovascular
disease, eGFR, statin use, and pulse pressure.

eModel 3: adjusted for variables in model 2 plus resting ankle-brachial index.
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