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Characterizing the relationship between flow-mediated
vasodilation and radial artery tonometry in peripheral artery
disease

Greg J. Zahner!, Kimberly A. Spaulding!2, Joel L. Ramirez!, Melinda S. Schallerl, Shane C.
Walkerl, Nancy K. Hills3, Warren J. Gasper!2, and S. Marlene Grenon?2

1Department of Surgery, University of California, San Francisco, 505 Parnassus Ave, San
Francisco, CA, 94143 USA

2Vascular Surgery Section, Veterans Affairs Medical Center, Mail Code 112G, 4150 Clement St,
San Francisco, CA 94121, USA

3Department of Epidemiology and Biostatistics, University of California, San Francisco, 550 16
Street, 2"d Floor, San Francisco, CA, 94158-2549 USA

Abstract

Introduction—Arterial stiffness, measured by the augmentation index (AlX) from radial artery
tonometry, and endothelial dysfunction, measured by brachial-artery flow-mediated vasodilation
(FMD), have each been associated with increased risk of cardiovascular events. However, their
interrelationship in PAD patients is poorly understood.

Materials and Methods—In a cross-sectional analysis of 123 vascular surgery outpatients, the
association between FMD and AlX was examined in controls with atherosclerotic risk factors
(n=32) and patients with PAD (n=91). PAD was defined as claudication symptoms with an ankle-
brachial index (ABI) of <.9 or a history of revascularization for symptomatic PAD. Controls had
an ABI 2.9 and no history of atherosclerotic vascular disease.

Results—Compared to controls, patients with PAD had lower FMD (6.3 + 3.8 vs. 8.4 £ 3.7, p=.
008), while central AlX normalized to 75bpm (25.5 £ 9.0 vs. 19.3 + 8.6, p=.001) and peripheral
AIX (91.3 £14.5vs. 81.3 + 11.4, p=.001) were higher. FMD was not significantly correlated with
either central or peripheral AlX (central AlX: p=.58; peripheral AIX: p=.89) across the entire
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cohort, or in either the patients with PAD (central AIX: p=.48; peripheral AlX: p=.23) or controls
(central AlX: p=.43; peripheral AIX: p=.92). In a multivariate model including FMD, higher AIX
remained independently associated with PAD.

Conclusions—In an analysis of vascular surgery outpatients, no correlation between FMD and
AlX was detected. Larger prospective studies are needed to determine whether the inclusion of
both parameters improves predictive models for the early identification and potential risk
stratification of PAD patients.

Keywords

flow mediated vasodilation; radial artery tonometry; endothelial function; arterial stiffness;
peripheral artery disease (PAD)

INTRODUCTION

Peripheral artery disease (PAD), an atherosclerotic process of the peripheral arterial tree, is a
significant public health concern due to its increasing worldwide prevalence and high
economic burden for society.l 2 In the United States, critical limb ischemia, the end-stage of
PAD, accounts for over 300,000 inpatient admissions annually.3 Additionally, affected
individuals suffer from decreased quality of life and increased mortality.* ® Non-invasive
measures of specific physiological processes play an important role in understanding the
pathophysiology of PAD. They also have the potential to play a clinical role in the
identification and risk stratification of individuals with PAD, and the subsequent
measurement of their response to treatment. Brachial artery flow-mediated vasodilation
(FMD) for endothelial function and radial artery tonometry for arterial stiffness are two such
measures.5 7

FMD involves a measurement of change in the brachial artery diameter in response to a
hyperemic stimulus, which triggers endothelial cells to release nitric oxide and cause arterial
dilation.8 A higher FMD corresponds to better endothelial function, and two large meta-
analyses have shown that cardiovascular disease (CVD) risk increases by approximately
10% for each 1% decrease in FMD.% 10 Lower FMD has also been associated with increased
risk of post-operative cardiovascular events following vascular surgery.11 Despite concerns
of using FMD in clinical practice due to labor-intensiveness and reproducibility issues,
standardization is improving its reliability.12

Avrterial tonometry involves placing a small tonometer over a target artery to detect the
underlying pulse waveforms, which are influenced by the stiffness of the arterial wall.

Radial artery tonometry can be used to calculate a central and peripheral augmentation index
(AIX), which refers to the ratio of the augmented pressure, resulting from wave reflections,
to the pulse pressure, expressed as a percentage.13 Tonometry at two arteries of a measured
distance apart, most commonly the common carotid and femoral arteries, can be used to
calculate the pulse-wave velocity (PWV) through the central arteries, with higher velocity
corresponding to greater arterial stiffness. AlX is an indirect measure of stiffness'4 15 and
PWV is a direct measure.16 Arterial stiffness is associated with adverse vascular outcomes
and mortality,17: 18 while AIX specifically is also predictive of CVD risk.1®
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Although increased arterial stiffness and decreased endothelial function are associated with
worse vascular outcomes, suggesting an inverse correlation, studies have not consistently
shown a correlation between the two measures.20-23 Furthermore, studies investigating the
relationship between arterial stiffness and endothelial function in the PAD population are
limited.24 As these assessments become more widely utilized as measures of future risk, it is
important to understand how they relate to each other and how they can be used together to
improve accuracy. Additionally, FMD and AlX are measuring different vascular functions
that could each play unique roles in increasing vascular risk. Understanding how arterial
stiffness and endothelial function relate to predict outcomes in PAD is meaningful to
understand how all of these factors can be prevented or treated. Therefore, the present study
provides a robust dataset to study the association between arterial stiffness, as measured by
the AlX, and endothelial function, as measured by FMD, in the PAD population. Since both
arterial stiffness and endothelial function are involved in the pathophysiology and outcomes
of PAD, this study tests the hypothesis that there is an inverse correlation between FMD and
augmentation index.

MATERIALS AND METHODS

Study Participants

From February 2012 to September 2016, a cross-sectional sample of 123 veterans was
enrolled from the San Francisco VA Medical Center (SFVAMC) outpatient vascular surgery
clinic. Participants were identified as having PAD (n=91) if they had an abnormal ankle-
brachial index (ABI) (<0.9) plus symptoms of claudication or if they had a history of
peripheral revascularization for symptomatic PAD. Controls (n=32) had a normal ABI and
no history of atherosclerotic vascular disease. To be eligible for inclusion in this study, all
participants had to have complete radial artery tonometry and FMD data. All participants
were at least 35 years of age, reflecting the population of veterans with PAD. Potential
participants were excluded if they had a creatinine = 2 mg/dL, or a history of significant
hepatic impairment (Child-Pugh = B), non-vascular inflammatory disorders (e.g. requiring
immunosuppressive medications), or other concurrent severe acute disease. These exclusion
criteria were used so that data from participants could be used for other studies on the role of
inflammation in PAD.

Demographic information including age, sex, and race was recorded for all study
participants. History of smoking was assessed, including pack years (defined as the number
of years smoking multiplied by average number of packs per day), as well as history of
major comorbidities including hypertension, hyperlipidemia, diabetes mellitus, or coronary
artery disease. Measurements taken included body mass index (BMI), blood pressure at the
brachial artery, and an ABI for each lower extremity using established techniques.2®
Participants completed the PTSD checklist — civilian version (PCL-C) and patient health
questionnaire (PHQ-9), with PTSD defined as a PCL = 4026 and depression defined as a
score > 10.27 These mental health measures were included because FMD has been shown to
be independently associated with PTSD.28 Current use of the following medications was
recorded: aspirin, ace-inhibitor, beta-blocker, and statin. Finally, blood was obtained for
laboratory assessment of high-sensitivity C-reactive protein (hsCRP), hemoglobin Alc,

J Surg Res. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zahner et al.

Page 4

lipids (total cholesterol, low-density lipoprotein (LDL), high-density lipoprotein (HDL), and
triglycerides), and estimated glomerular filtration rate (eGFR). The investigator-initiated
protocol was approved by the University of California, San Francisco (UCSF) Committee on
Human Research as well as the SFVAMC Research and Development Office with all
participants giving informed written consent.

Flow Mediated Dilation

Brachial artery FMD was performed as previously described by our group and consistent
with current standards.8: 28 Participants were instructed to fast as well as to avoid nicotine
and caffeine for several hours prior to the exam. Prior to recording, participants were placed
in a supine position for 10-minutes and allowed to acclimate to the exam environment.
Using the upper arm technique supported by current guidelines, 2° a tourniquet blood
pressure cuff was placed on the upper arm just distal to deltoid insertion. Using B-mode
ultrasound (Philips HD11) with a broadband linear array transducer with a 3-12 MHz range
(Philips L12-3), the target artery was examined to locate a segment for further imaging.
Criteria include identifying a straight arterial segment with a “double line sign,” signifying
visualization of the near and far intima media, and a landmark such as a crossing vein. To
record the baseline diameter of the brachial artery, an EKG-gated image capture software
system was employed (Brachial Imager, Medical Imaging Applications LLC, Coralville,
IA). Additionally, using an isonation angle of 60°, a baseline Doppler spectral waveform
was recorded. Baseline data was collected for 60 seconds to calculate mean diameter and
velocity.

To induce a state of hyperemia, the blood pressure cuff was first inflated to 50mmHg above
the patient’s systolic blood pressure or 250mmHg, whichever first induced complete
brachial artery occlusion as confirmed by ultrasound. The occlusion cuff was kept in place
for 5 minutes. Then the cuff was deflated and post-hyperemic diameter and spectral
waveforms were recorded for 3 minutes.

Continuous edge-detection software (Brachial Analyzer, Medical Imaging Applications
LLC, Coralville, IA) was used for image analysis and calculation of hemodynamic
parameters relevant to FMD at baseline and post-cuff release. Luminal diameter was
measured between the near and far wall. The velocity-time integral (VTI) was calculated by
integrating the spectral waveform over four cardiac cycles. Using the VTI and cross-section
area of the vessel, the blood flow through the brachial artery could be calculated. Then the
Hagen-Poiseuille equation (Equation 1) was used to calculate mean shear stress, where 7,,is
shear stress in dynes/cm?, s viscosity of the blood and set at 0.0035, Qis mean flow, and r
is the radius (cm) of the brachial artery lumen. Equation 1. Shear Stress formula

4
Tw:”_?
e

Hyperemic parameters were calculated using data recorded for 55-65 seconds after cuff
release, including FMD, which is defined as [(hyperemia diameter — baseline diameter)/
baseline diameter] multiplied by 100 to express the result as a percentage.
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For quality control, images were evaluated by two people and graded on a 6-point scale for
the following: the presence of a landmark structure, a horizontally directed artery, correct
longitudinal alignment, clearly visualized “double line sign”, and at least 5 mm of visualized
artery. The inter-observer variability was 0.05 + 0.16% and the intra-observer variability was
0 + 0.15%, as previously published.28

Radial Artery Tonometry

AlX is calculated from pulse wave analysis (PWA) owing to the observation that the arterial
waveform is a composite of each forward pulse wave, plus a component of the preceding
wave, which was reflected off the arterial wall in a retrograde fashion. Stiffer arteries cause
the reflected wave to collide with the succeeding wave earlier in diastole leading to a higher
augmented pressure (Figure 1). 3031

While in a supine position, participants were instructed to rest for five minutes to equilibrate
to the exam environment. The brachial artery blood pressure was measured and entered into
the SphygmoCor® system (AtCor Medical, Sydney, Australia). Tonometric assessment was
then performed by applying the SphygmoCor® applanation tonometer to the skin above the
radial artery at the right distal arm/wrist. The device’s proprietary software calculated the
AlX, defined as [augmented pressure/(systolic blood pressure — diastolic blood pressure)].
The peripheral AIX was calculated directly and the software used previously validated
transfer equations to approximate the central AIX.32 The use of radial artery measurements
to approximate central stiffness are now routinely conducted.5: 33: 34 Since central AIX is
sensitive to variations in heart rate, all measurements were normalized to 75 beats per
minute (bpm).13: 18 The normalization process is conducted automatically such that for each
increase of 10 bpm, central AIX is inversely decreased by 4.8%.8 The device’s software also
calculated a quality index, which takes into account multiple parameters of variation in the
recorded waveforms (e.g. pulse height variation, diastolic length variation, etc.). Less
variation leads to a higher quality index, with a manufacturer set threshold of 80 for
acceptable quality. Up to four recordings were conducted for each participant and the
measurement with the highest quality index was recorded.

Following a protocol developed in compliance with manufacturer guidelines, two reviewers
(GZ and KS) rated the quality of all tonometry data and achieved 100% inter-rater
agreement. All data that had a quality index <80 or failed to meet two of the following three
criteria were discarded: 1) pulse height = 80, 2) height variation < 5%, and 3) diastolic
variation < 5%. Using these standards, all 123 participants included in this study had high
quality central AlX data, but peripheral AIX data was obtained on only 119 because
peripheral AIX was missing for two participants and dropped for two others due to extreme
values (i.e., greater than 3 standard deviations above the study mean).

Statistical Analysis

Data analysis was primarily performed using Stata version 14 (StataCorp, College Station,
Texas). MATLAB (MathWorks, Natick, Massachusetts) was used for Fisher transformations
and to confirm correlation coefficients. Unadjusted, between-group differences were
compared using two-tailed unpaired t-tests and Fisher’s exact test. Three separate
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multivariable logistic regression models were built to predict PAD using either central AlX
at 75bpm, peripheral AIX, or FMD as the primary predictor. Covariates to include in the
model were determined using a univariate screening analysis where each potential covariate
was added one at a time while adjusting for the primary predictor of interest (i.e., central
AlX, peripheral AlIX, or FMD). All covariates with a p<.10 were included in the final model
in addition to race (Caucasian vs. other) and age, which were forced into the models. All
variables in Table 1 were screened for potential inclusion except for CAD, history of prior
revascularization, and ABI; these latter measures were used to define whether each
participant had PAD or was a control. When related variables met criteria for inclusion (e.g.
LDL and hyperlipidemia), the more time invariant variable (e.g. the underlying disorder
such as hyperlipidemia) was preferentially selected for inclusion in the final model. 2

Scatterplots were generated and Pearson correlation coefficients were then calculated for
FMD and AIX for the entire cohort. This analysis was repeated separately for the PAD
subgroup as well as the controls. To better understand the range of correlation coefficients
the study was powered to detect based on the observed pattern of data, 95% confidence
intervals for all Pearson coefficients were calculated. To determine the confidence intervals,
the Pearson product moment coefficient had to be converted to a normally distributed
quantity using a Fisher transformation. Once the confidence interval was calculated, the
values were then transformed back to rho. A final multivariable logistic regression model
was built to predict PAD using both FMD and tonometry as primary predictors. All the
covariates from the previously built tonometry and FMD models to predict PAD were
included in this final model. Finally, to examine whether including both AlX and FMD in a
single model improved its ability to predict PAD, an exploratory area under the curve (AUC)
analysis was performed along with a likelihood ratio test. All multivariable models were
audited for influential values using Pregibon’s dbeta and appropriate sensitivity analyses
were performed.

RESULTS

The unadjusted, between-groups analysis revealed that patients with PAD (n=91) were older
and more likely to have several comorbidities including hypertension, hyperlipidemia, and
diabetes when compared to controls (n=32). Patients with PAD smoked a greater number of
pack years, and had a lower LDL, which was likely an indicator of greater statin use.
Additionally, participants with PAD had higher blood pressure (systolic), lower ABI, lower
eGFR, and were more likely to take beta-blockers and aspirin (Table 1). All the above
comparisons reached statistical significance. Furthermore, there were several unadjusted
differences between groups on FMD and tonometry parameters. Most notably, brachial
FMD was lower in PAD patients (6.3 £+ 3.8 vs. 8.4 = 3.7, p=.008), while both central AIX
normalized to 75bpm (25.5 + 9.0 vs. 19.3 = 8.6, p=.001) and peripheral AIX (91.3 £ 14.5 vs.
81.3 + 11.4, p=.001) were higher in PAD (Table 2).

To determine whether central AlX, peripheral AlX, and FMD are each independently

associated with PAD, three separate multivariable models were built. Each model controlled
for age, race, hypertension, diabetes, hyperlipidemia, pack years, and eGFR. Higher central
(OR 1.07, 95% CI 1.01-1.15, p=.030) and peripheral AlIX (OR 1.07, 95% CI 1.02-1.13, p=.
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008) were associated with higher odds of PAD (Table 3). While FMD was significantly
lower in PAD in the unadjusted analysis, it did not reach statistical significance in the
multivariable analysis (OR .91, 95% CI .78-1.05, p=.20). Sensitivity analyses which
controlled for ACE inhibitor and beta-blocker use revealed similar results (central AlX:
1.10, 95% CI 1.02-1.18, p=.015; peripheral AIX: OR 1.09, 95% CI 1.02-1.16, p=.007;
FMD: OR .90, 95% CI .77-1.05, p=.18).

Pearson correlations between FMD and central AIX (r=-.05, 95% CI -.23, .13, p=.58) as
well as peripheral AlX (r=.01, 95% CI -.17, .19, p=.89) revealed no significant relationship
across the entire sample (Figure 2). Separate subgroup analyses for PAD patients (central
AIX: r=.07, 95% CI -.13-.28, p=.48; peripheral AlX: r=.13, 95% CI -.08, .33, p=.23) and
controls (central AlX: r=-.14, 95% CI -.47,.22, p=.43; peripheral AIX: r=-.02, 95% CI -.
36, .33, p=.92) revealed no significant correlations between FMD and either tonometry
parameter.

Finally, to determine whether FMD and tonometry were independently associated with PAD
in a model including both measures, two additional multivariable models were built that
included all the covariates from Table 3. Central AIX remained independently associated
with PAD (OR 1.08, 95%Cl 1.01-1.15, p=.030) whereas FMD did not reach significance
(OR .91, 95% CI .78-1.05, p=.20). Similarly, higher peripheral AlX remained independently
associated with PAD (OR 1.08, 95% CI 1.02-1.14, p=.005), while lower FMD trended
toward significance (OR .88, 95% CI .76-1.03, p=.11) (Table 4). These results were
unchanged with the addition of ACE inhibitor and beta-blocker use to the base model for
both central AIX (AlX: OR 1.09, 95% CI 1.01-1.18, p=.019; FMD: OR .91, 95% CI .78—
1.07, p=.26) and peripheral AlIX (AlX: OR 1.08, 95% CI 1.02-1.15, p=.008; FMD: .91, 95%
Cl .77-1.06, p=.23). A likelihood ratio test determined that the multivariable model with
FMD was improved with the addition of either central AIX (p=.02) or peripheral AIX (p=.
002). Conversely, the multivariable models with AIX were marginally improved with the
addition of FMD (central aix: p=.20 & peripheral aix: p=.10). Additionally, in an exploratory
AUC analysis, the combined model performed marginally better than the model for FMD
alone (AUC .89; 95% CI .80-.97; vs. .85; 95% CI .76-.95; p=.11), although this result did
not reach statistical significance.

A Pregibon’s dbeta analysis found that the same control participant was highly influential in
all multivariable models. This participant was a 68yo male with much stiffer arteries (central
AIX 39% and peripheral AlX 109%) and a lower FMD (3.96%) than would otherwise be
expected. He also had a very elevated CRP of 11.8 and a heavy smoking history of 91 pack
years. The patient’s high CRP at the time of participation plus subsequent clinical history of
sub-acute, chronic fatigue raises the possibility of an occult, chronic inflammatory process at
the time of participation. Therefore, a series of sensitivity analyses were performed with this
influential participant removed from the multivariable models. The conclusions for
tonometry models were unaffected as the sensitivity analysis revealed that the already
statistically significant independent association between central AlIX and peripheral AIX
only became slightly stronger when the participant was excluded (central AIX: OR 1.09 vs.
1.07; peripheral AlX: OR 1.09 vs. 1.07). The FMD model trended closer toward statistical
significance with FMD independently and inversely associated with PAD (OR 0.88, p=.11
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vs. OR 0.91, p=.20). Additionally, FMD reached statistical significance when combined with
peripheral AlX in a combined model (OR 0.84, 95%CI .71-1.00, p=.049). In the AUC
analysis, this combined model performed marginally better than the model with FMD alone
(AUC .89; 95% CI .81-.99; vs. .85; 95% CI .76-.95; p=.056). Excluding this control
participant did not affect the lack of correlation between AlX and FMD (central: /=—.04, p=.
65; peripheral: /=.02, p=.82).

DISCUSSION

The present study found that in a cohort of vascular surgery outpatients, FMD and AIX were
not correlated across the entire sample or in either the PAD or control subgroups. The study
was adequately powered to detect a clinically meaningful correlation, which is suggested by
the Pearson coefficient’s 95% confidence intervals being tightly centered around 0. Even the
upper and lower limits of these confidence intervals are small enough as to not be clinically
relevant. This lack of correlation is despite an independent association between higher AlIX
and PAD as well as a trend toward an independent association between lower FMD and
PAD. The results also demonstrate the robust association between AlIX and PAD in
combined models with FMD. Therefore, the present study adds to the literature by showing
no association between arterial stiffness as measured by AlX and FMD in a sample of
vascular surgery outpatients. Additionally, it suggests that predictive models with FMD
might be improved with the inclusion of AIX.

Previous studies have demonstrated an inconsistent association between FMD and various
tonometric parameters. The reactive hyperemic index (RHI), a measure of endothelial
function in the microvasculature obtained using arterial tonometry, was shown to have a
small correlation with FMD in the Gutenberg Heart Study3® and Kuvin et al. (2003) found a
modest positive correlation between RHI and FMD in 89 patients presenting with chest pain.
36 However, two large studies, one from the Framingham Offspring cohort and the other
from a sample of patients with CAD, failed to find a statistically significant relationship
between RHI and FMD.2% 22

Similarly, the literature on the potential association between FMD and arterial stiffness
suggests a small negative correlation, if one exists at all. Studies correlating FMD and PWV
have come to inconsistent conclusions ranging from a small statistically significant negative
correlation,3” which was eliminated in multivariable analysis for one of the studies,38 to a
small positive correlation.3® Examining AIX and FMD, several studies have found either no
correlation,*9 or small, marginally significant, negative correlations.23: 33 In a sample of 100
patients (83 with CVD and 17 healthy controls), Soga et al. (2008) also found a small

negative correlation between central AIX and FMD, which held in multivariable regression.
34

Understanding the pathophysiology of arterial stiffness and endothelial function provides
further evidence for why there might be a lack of association. Like endothelial dysfunction,
arterial stiffness is a feature of atherosclerosis,*! but it is heavily influenced by physical
forces like hypertension and renin-angiotensin activation,39 as well as inflammation.
Inflammation is thought to increase stiffness through several mechanisms including
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decreased nitric oxide (NO) production, elastin and collagen degradation, increased smooth
muscle cell migration to the intima, and swelling of the extra-cellular matrix.2 While
endothelial function is also affected by NO and inflammation, stiffness depends on structural
rather than just functional changes.” Endothelial function, by comparison, plays a more
functional than structural role. The endothelium maintains vascular tone through the release
of a variety of vasoactive mediators.3 A particularly important mediator released by the
endothelium is NO, which is a vasodilator that also prevents platelet aggregation. A decrease
in NO production is a hallmark of endothelial dysfunction, which precedes the development
of atherosclerosis.*4 It is hypothesized that smoking impairs endothelial function, as
measured via FMD, by impairing these mechanisms.*> 46 Additionally, patients with PAD
are more likely to be smokers, which is supported by the baseline cohort data indicating a
greater mean of pack years in the PAD patients (44 vs 20 p=<.001). Given the relationship
between smoking and FMD, and the very strong relationship between smoking and PAD, the
multivariable model consistently demonstrates a loss of significance after adjusting for pack
years. These finding suggest that differences in FMD between PAD and controls are largely
mediated by risk factors. It is likely that the small sample size prevented the detection of any
smaller independent differences in FMD between the PAD patients and controls. Differences
in baseline brachial artery diameter between patients with PAD and controls were likely
attributable to differences in comorbidities*’ between the groups. Variations in baseline
brachial artery diameter did not alter how FMD was measured or calculated.

Several studies using FMD and AlX as outcome variables have found diverging results
between the two. For example, specific biomarkers of cardiac stress such as growth
differentiation factor-15 (GDF-15) are negatively correlated with FMD, but not AlX.48 FMD
is also lower in patients with heart failure who have a preserved ejection fraction, but AIX is
unchanged.*9 In a randomized controlled trial with CKD patients treated with
tetrahydrobiopterin to increase bioavailability of NO, there was an observed improvement in
AlX, but no change in FMD.0 Additionally, treatment with valsartan was associated with
improved arterial stiffness as measured by PWV and some parameters of radial artery
tonometry, but not FMD.52 Finally, in a study of adherence to dietary guidelines among
nearly 6,000 community-based subjects from the Framingham Heart cohort, better diet was
associated with lower AlX, even when controlling for cardiac risk factors, but not FMD.52
Therefore, the previous literature in predominately non-PAD cohorts suggests that any
association between AIX and FMD is likely small.

As far as their potential role in prediction models, both FMD and AlX have been correlated
with measures of disease severity in PAD as well as future risk of CAD or death.19: 53 54
Additionally, each measure has shown the ability to be improved with specific clinical
interventions.5> 56 While our results demonstrate that tonometry is strongly associated with
PAD, even in combined models, the pattern of results suggest that the study was not
adequately powered to determine whether FMD was significantly associated with PAD in
multivariable models with and without tonometry included. While the sensitivity analysis
demonstrated a significant inverse association between FMD and PAD in the combined
model with a single influential participant excluded, this result should be interpreted with
caution due to the lack of absolute justification for excluding this participant. Both
tonometry and FMD provide valuable investigative information on the pathophysiologic

J Surg Res. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zahner et al.

Limitations

Page 10

effects of PAD on the vasculature and improve our understanding of chronic vascular injury.
As these methods of predicting risk become more standardized and easily performed, they
have the potential for playing a more significant clinical role in outpatient and preoperative
clinics. Including these measures in the assessment of patients with PAD may help direct the
level of prevention and timing or method of intervention. Larger, prospective studies could
help determine whether models with either or both parameters can improve the capacity for
identifying disease, tracking its progression, anticipating future risk, and monitoring
treatment response.

Limitations of the present study include its cross-sectional design, from which only an
association between either FMD or AlIX and PAD can be determined. Utilization of aspirin,
beta-blockers, statins, and ACE-inhibitors differed between the two groups and could have
altered FMD, preventing the detection of a statistically significant relationship between
FMD and PAD in the multivariable model. Each of these medications have been reported to
improve FMD>7-0, although their combined effect is not as well known. It would be ideal
to compare FMD in groups with similar use of these medications, however, these
medications are commonly taken by patients with clinical atherosclerosis and selection of
controls for this kind of study would be difficult. Additional analyses controlling for ACE-
inhibitor and beta-blocker use revealed no differences in associations between parameters of
interest (i.e., AIX and FMD) with PAD. Additionally, we did not use nitroglycerin to test
NO-independent dilation to determine whether FMD was influenced by altered properties of
underlying smooth muscle cells. Lastly, our sample was predominately male, reflecting the
demographics of the VA population, and may not be generalizable to women.

CONCLUSION

In summary, the present study found no association between FMD and AIX. Higher AIX
was independently associated with PAD and lower FMD trended toward an independent
association with PAD. Adding AlX to multivariable models with FMD improved their
predictive ability. However, the study was not adequately powered to determine whether
FMD was independently associated with PAD, although the pattern of results, plus prior
research, suggest that such an inverse relationship is likely. If each measure is independently
associated with PAD, but not each other, this would suggest that models combining both
AlX and FMD might be superior for identifying and risk-stratifying patients with PAD.
Larger studies are needed to make such a determination and future prospective studies are
needed to determine whether FMD and radial artery tonometry have a potential role in the
clinical setting.
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FIGURE 1. The Augmentation Index
A) In healthy arteries, the reflected wave returns late in diastole. B) In stiffer arteries, the

reflected wave returns earlier in diastole, and C) augments the pressure of the combined
waveform. The augmentation index (AlX) represents the augmented pressure as a
percentage of the overall pulse pressure such that [augmented pressure/(systolic blood
pressure — diastolic blood pressure) x 100].

Note: Figure was modified and reproduced with permission from AtCor Medical.
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Zahner et al.

Multivariable Model to Predict PAD with Tonometry and FMD as Predictors (n=123)

Predictor
Central AIX @ 75bpm
Peripheral AlIX
FMD
Age (years)
Caucasian
Hypertension
Diabetes Mellitus
Hyperlipidemia
Pack Years (units of 5)
eGFR (10 mL/min)

Central AIX @ 75bpm
FMD

Age (years)

Caucasian
Hypertension
Diabetes Mellitus
Hyperlipidemia

Pack Years (units of 5)
eGFR (10 mL/min)

Peripheral AlIX

FMD

Age (years)

Caucasian
Hypertension
Diabetes Mellitus
Hyperlipidemia

Pack Years (units of 5)
eGFR (10 mL/min)

Univariate Analysis

OR 95% ClI P-value
1.08 (1.03-1.13)  .002
1.06 (1.02-1.10) .001
086  (.77-97) .01
1.08  (1.02-1.14) 01
116 (49-2.72) 73
7.10 (2.58-19.5) <.001
418 (1.35-12.9) .01
2.88 (1.14-7.27) .03
119 (1.08-1.31) .001
081  (67-97) 02

Multivariable Analysis?
OR 95% ClI P-value

Central Augmentation Index

108 (1.01-115) .03
091  (.78-1.05) 20
101 (.92-1.10) 82
156  (45-5.44) 48
378  (.95-15.0) .06
274 (66-11.4) 17
177 (43-7.41) 43
115 (1.01-131) .03
080  (.62-1.03) 08

Peripheral Augmentation Index

108 (1.02-1.13)  .005
088  (.76-1.03) a1
1.00  (.91-1.10) 98
142 (.40-5.09) 59
326  (.79-13.5) 10
483 (.98-23.7) 05
147  (.35-6.18) 60
117 (1.03-1.34) .02
085  (.66-1.09) 20

a .o A .
Multivariable models built using covariates from Table 3.
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