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Dear Colleagues, 

I’d like to personally welcome each of you to our Fifth Annual Meeting, 

“Hemodynamics and Target Organ Damage: Mechanisms, Measurements, 

Management”.  The field of arterial hemodynamics is an exciting area and 

the North American Artery Society will continue to meet and bring inspired 

people together in forums like this, to ensure the NAA remains at the 

cutting edge of research and the practical applications for technologies that 

measure arterial structure and function. 

I appreciate the efforts of our Conference Co-Chairs, Bo Fernhall and Gary 

Pierce, as well as the members of the Program Committee for working 

tirelessly with me to put together this program.  We are also indebted to 

Hansen Global Event Management for such excellent logistical support. 

I look forward to meeting our members, both old and new who will be 

here.  For those of you attending who are not members, there is 

information about the NAA included within this book, and membership 

applications are available at the registration desk.  I encourage you to think 

about being a part of our new and exciting organization. 

This conference would not be possible without the generous support of our 

Diamond sponsors, AtCor Medical, Inc. and Fukuda Denshi, and our Gold 

sponsors, Cardiovascular Engineering, Inc., Hitachi Aloka Medical America, 

and Welch Allyn Inc./I.E.M. GmbH.  The NAA is grateful to each of them for 

their support of our organization.  Please visit with them in the exhibit area 

during our breaks.  

In closing, I would like to thank each of you for attending the conference 

and bringing your expertise to our gathering.  Your vision, knowledge, and 

experience will help us pave the way for future developments in arterial 

studies.  Throughout this conference, you are encouraged to engage faculty 

and sponsors.  My personal respect and thanks to all! 

Sincerely,  

 

 
Raymond R. Townsend, M.D.  
NAA President 
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WELCOME FROM THE CO-CHAIRS 

Dear Colleagues, 

On behalf of the North American Artery Society (NAA), it is our distinct pleasure to welcome you to the Fifth 

Annual Meeting, “Hemodynamics and Target Organ Damage: Mechanisms, Measurements, Management”.  The 

NAA is a multidisciplinary society dedicated to understanding vascular structure and function and its application 

to clinical medicine, basic/translational research, and pharmaceutical and medical device development.  The 

2015 once again reflects these objectives with presentations focusing on the relationship between vascular 

function and diseases of target organs such as the brain and kidney, as well as clinical applications of arterial 

mechanisms, measurement, and management.   

The Program Committee worked tirelessly to create a dynamic program that has continued to build on the 

success of last year’s meeting.  This is demonstrated by the 35 abstract presentations that are included in this 

year’s meeting, as well as the exciting main lectures, debates, and exhibits.  We have also listened to you and 

have added a 45-minute informal roundtable discussion period that will allow participants, particularly students, 

trainees and junior faculty, the opportunity for individualized, informal discussion of the presentations and 

research with our expert faculty. 

We truly hope you will enjoy the 2015 NAA meeting at the Chicago Marriott O’Hare and that you take the 

opportunity to meet our speakers, exhibitors, and delegates from not only the United States, but from Canada, 

Europe, and Australia as well.   

We would especially like to thank our sponsors AtCor Medical, Cardiovascular Engineering Inc., Fukuda Denshi, 

Hitachi Aloka Medical America, and Welch Allyn/ I.E.M. for making this exciting and scientifically enriching 

conference possible.  Thank you for participating and helping to move the NAA forward as our organization 

continues to grow. 

Sincerely,  

 

Bo Fernhall, Ph.D.           Gary Pierce, Ph.D. 
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1:00 - 1:30 pm Welcome Reception in Exhibit Hall 

1:30 - 1:35 pm    Welcome Remarks 

   

1:35 - 1:45 pm President’s Opening Statement 

   

1:45 - 2:15 pm  Opening Plenary Lecture 

    

2:20 - 4:10 pm NAA Special Symposium – Measuring the Central Arterial Wave Form:  

   New Methods versus Tried and True 

   

 

 

4:10 - 5:10 pm Refreshment Break, Meet the Vendors, and Poster Viewing 

 

 

 



5:10 - 6:40 pm Oral Abstract Presentations 
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5:40 - 7:10 pm    NAA Business Meeting 

7:15 - 7:45 pm    Pre-Dinner Reception 

 

 



7:45 - 9:15 pm  Diamond Dinner & Lecture  

The Diamond Dinner and Lecture is sponsored by AtCor Medical, Inc. (USA) 

6:30 - 8:00 am  Diamond Breakfast & Lecture  

The Diamond Breakfast and Lecture is sponsored by Fukuda Denshi USA 

8:00 - 8:30 am  Keynote Presentation 

   

8:30 - 9:00 am  Target Organ Lecture – The Brain 

   

9:00 - 9:15 am Refreshment Break  

9:15 - 10:15 am  Target Organ Lecture – The Kidney 

   

↑ ↑

10:15 - 11:15 am  Refreshment Break, Meet the Vendors & Poster Viewing 

 

 



11:15 - 1:00 pm Early Vascular Aging (EVA) Symposium 

    

 

1:00 - 2:30 pm  Lunch and Poster Presentations  

2:00 - 2:45 pm  Roundtable Discussions with our Expert Faculty 

2:45 - 3:15 pm  Keynote Presentation 

    

3:15 - 3:50 pm   Debate 2015 

   

3:50 - 3:55 pm   Awards Presentations 

   

3:55 - 4:00 pm   Concluding Remarks 
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Resting Systolic Blood Pressure and Body Mass Index but Not Aortic Stiffness Independently 
Predict Systolic Blood Pressure Response to Maximal Exercise in Healthy Adults 

Abbi D Lane-Cordova1, Lyndsey E Dubose1, Kaitlyn Dubishar1, Michelle W Voss2, Maggie Swift2, Gardar Sigurdsson3, 
Philip G Schmid3,6, Gary L Pierce1,4,5,6 

1Departments of Health And Human Physiology, 2Psychology, 3Internal Medicine, and the 4Fraternal Order of Eagles 
Diabetes Research Center, 5Center for Hypertension Research, 6Abboud Cardiovascular Research Center, University of 
Iowa, Iowa City, IA 

 

Objectives: Exaggerated systolic blood pressure (BP) response to maximal exercise is associated with incident 

hypertension and cardiovascular disease (CVD) death.   Aortic stiffness, measured by carotid-femoral pulse wave 

velocity (cfPWV), is a robust predictor of CVD and is related to systolic BP at the 2nd stage of a graded exercise 

treadmill test.  However, because stage 2 of a graded exercise test represents a different relative workload (% of 

maximal exercise oxygen uptake, VO2max) for each participant, differences in submaximal exercise systolic BP 

response may be related to variation in VO2max rather than cfPWV.  Therefore, we hypothesized that systolic BP at 

maximal exercise would be associated with cfPWV independent of VO2max in healthy adults.  Methods: Heart rate 

(HR, 12-lead ECG) and systolic BP (measured by an experienced exercise physiologist) were assessed during a 

maximal graded exercise test (cycle ergometer), and cfPWV was measured via applanation tonometry at rest in 37 

healthy adults (11M/26F; age=46 ± 3 yrs; range: 19-71 yrs).  Results: Peak exercise systolic BP was associated with 

age (r=0.30, P=0.046), body mass index (BMI, r=0.49, P=0.001), cfPWV (r=0.44, P=0.005), and resting systolic BP 

(r=0.73, P<0.001), but not maximal exercise HR (r=-0.15, P=0.33) or VO2max (r=-0.24, P=0.16).  In a hierarchical 

multiple regression model including age, sex, BMI, VO2max, peak HR and cfPWV (model 1), only BMI predicted 

maximal exercise systolic BP (β=0.370, Model R2=0.38, P=0.02).  Adding resting systolic BP to the model (model 2), 

significantly improved the overall R2 by 31% and resting systolic BP (β=0.700, P<0.01) and BMI (β=0.278, P=0.03) both 

predicted maximal exercise systolic BP (Model R2=0.69, P<0.01, Table 1).  Conclusions: resting systolic BP and BMI, 

not cfPWV, predict the systolic BP response to maximal exercise.  Reducing resting BP and adiposity may decrease the 

risk of hypertension and CVD in part by attenuating repeated exaggerated BP responses to physical exertion.  

Supported by NIH AG043722-01, AHA 13SDG143400012 and NIH 5T320078638-28.  

 Table 1. Hierarchical Regression Analysis: Determinants of Peak Exercise SBP. 

  

 Table Legend. “B” = Unstandardized Coefficient, “SE” = Standard Error, “β” = Standardized Coefficient. 

Model Predictor 

  Coefficients for Individual Predictors Model Coefficients (p-value) 

B (SE) β 
Partial 

r 
p-

value 
Model R2 

ΔR2 from  
Previous   

1           0.38 (0.020) 0.38 (0.020)   
  Age (yr) 0.715 (0.444) 0.412 0.282 0.118       

  Sex -0.035 (14.046) -.001 -.001 0.997       

  BMI (kg/m2) 3.649 (1.623) 0.370 0.380 0.032       

  VO2max(ml/kg/min) -0.49 (0.742) -.012 -.012 0.948       

  Peak HR (bpm) 0.611 (0.409) 0.311 0.263 0.146       

  cfPWV(cm/s) 0.36 (0.32) 0.237 0.200 0.273       

2           0.69 (0.012) 0.31 (<0.001)   
  Resting SBP(mmHg) 1.762 (0.330) 0.700 0.704 0.000       

  Age (yr) 0.193 (0.335) 0.111 0.106 0.570       

  Sex 12.692 (10.425) 0.167 0.220 0.233       

  BMI (kg/m2) 2.739 (1.185) 0.278 0.394 0.028       

  VO2max(ml/kg/min) 0.312 (540) 0.079 0.107 0.568       

  Peak HR (bpm) 0.410 (298) 0.209 0.248 0.179       

  cfPWV(cm/s) 0.025 (0.023) 0.167 0.197 0.288       



Aortic Stiffness, Obesity and Left Atrial Volume in Older Participants in the Age, 
Gene/Environment Susceptibility—Reykjavik Study 

Benjamin A. Mitchell, BA*, Alec Trub, BA*, Alyssa A Torjesen, BS*, Sigurdur Sigurdsson, MS†, Jos JM Westenberg, 
PhD‡, Vanessa C Bell, BS*, Thor Aspelund, PhD†,§, Lenore J Launer, MS, PhDǁ, Tamara B Harris, MD, MSǁ, Albert 
de Roos, MD‡, Vilmundur Gudnason, MD, PhD†,§ and Gary F Mitchell, MD*.  
*Cardiovascular Engineering, Inc., Norwood, MA; †Icelandic Heart Association, Kopavogur, Iceland; ‡Department of 
Radiology, Leiden University Medical Center, Leiden, The Netherlands; §Faculty of Medicine, University of Iceland, 
Reykjavik, Iceland; and ǁLaboratory of Epidemiology, Demography, and Biometry, Intramural Research Program, 
National Institute on Aging, National Institutes of Health, Bethesda, MD. 

 

Objectives: Larger left atrial volume (LAV) is associated with increased risk for atrial fibrillation, stroke, and other 

cardiovascular diseases. Relations of LAV with obesity and various hemodynamic measures have been 

investigated separately. We evaluated the combined relations of LAV with obesity, volume load on the heart, and 

aortic stiffness in order to determine whether relations between obesity and LAV are attributable to hemodynamic 

abnormalities. 

Methods: We used biplane magnetic resonance imaging to measure LAV in 423 participants (72 to 89 years of 

age, 245 women) in the community-based Age, Gene/Environment Susceptibility-Reykjavik Study. Aortic stiffness 

was assessed as carotid-femoral pulse wave velocity and central aortic pressure-flow relations.  Adiposity was 

assessed as body-mass index (BMI). 

Results: In a single multivariable model that included age, sex, left ventricular diastolic volume, and standard 

cardiovascular disease risk factors, larger LAV was associated with higher BMI (B=1.08 fold higher LAV per SD 

higher BMI; 95% CL=1.04,1.11; P<0.001), cardiac output (CO) (B=1.08; 95% CL=1.04,1.11; P<0.001), central 

pulse pressure (CPP) (B=1.06; 95% CL=1.03,1.09; P<0.001) and carotid-femoral pulse wave velocity (B=1.04; 

95% CL=1.01,1.07; P=0.007). In a risk factor-adjusted multivariable model that examined components of CPP, 

larger LAV was associated with higher forward wave amplitude (B=1.09; 95% CL=1.05, 1.14; P<0.001) but not 

backward wave amplitude (P=0.7). In a dual impedance-flow model, larger LAV was associated with higher 

characteristic impedance (B=1.09; 95% CL=1.05,1.12; P<0.001) and peak flow (B=1.12; 95% CL=1.08,1.16; 

P<0.001). Obesity (BMI≥30 kg/m2, P<0.001) and CPP above the sex-specific median (P<0.001) were associated 

with larger LAV (interaction, P=0.7, Figure).  Similarly, obesity (P<0.001) and CO above the sex-specific median 

(P<0.001) were associated with larger LAV (interaction, P=0.12, Figure). 

Conclusions: Higher pulsatile load (attributable to increased characteristic impedance, forward wave amplitude, 

and a stiffer aorta), higher steady-flow volume load and obesity are jointly associated with larger LAV.  

 

 

 



The Effects of High-Intensity Aerobic Interval versus Moderate-Intensity Continuous Aerobic 
Exercise on Post-Exercise Cardiovascular Responses 

D.S. Kimmerly, D. Ramsay, and A.M. Irwin 

Dalhousie University, School of Health And Human Performance, Division of Kinesiology 

 

Objectives: After an acute bout of moderate-intensity continuous aerobic exercise (CAE), leg blood flow (LBF) 

and vascular conductance (LVC) remain elevated contributing to a corresponding decrease in arterial blood 

pressure (ABP).  However, little is known about the vascular and ABP response following high-intensity interval 

aerobic exercise (HIAE).  The current study tested the hypothesis that HIAE, matched for total work to CAE, would 

elicit greater post-exercise reductions in ABP and larger increases in LBF and LVC.   

Methods: Heart rate (HR), ABP, blood lactate and LBF (popliteal artery, Doppler) were measured in 10 healthy 

participants (7M/3F, 20.2 ± 1.6 years) in a side-lying position before and every 5 minutes for 1 hour following CAE 

and HIAE treadmill protocols.  LVC was calculated as LBF divided by mean ABP.  The HIAE consisted of four, 4-

minute intervals at 85%VO2peak separated by 3-minute active recovery intervals at 55% VO2peak.  The CAE 

protocol consisted of treadmill running at ~55% VO2peak for a duration that produced the same total oxygen 

consumption as HIAE.   

Results: Compared to pre-exercise values, peak decreases in mean ABP (-6 ± 1 mmHg vs. 0 ± 1mmHg) and 

diastolic ABP (-5 ± 2mmHg vs. -1 ± 1 mmHg), as well as, increases in blood lactate (10.5 ± 3.2 mmol/L vs. 3.4 ± 

1.4 mmol/L), HR (37 ± 10 beats/minute vs. 21 ± 6 beats/minute) and leg vascular conductance (8 ± 5 mL/min/

mmHg vs. 5 ± 4 mL/min/mmHg) were greater during the passive post-exercise recovery period following HIAE 

than CAE (all, p<0.05). 

Conclusions: These results highlight that a matched-work HIAE treadmill protocol resulted in greater skeletal 

muscle vasodilation during a 1 hour passive post-exercise recovery period than CAE.  These data suggest that 

HIAE may prove to be more beneficial as a therapeutic strategy for patient populations with peripheral blood flow 

limitations (e.g., peripheral arterial disease).      

 

*Supported by a Canadian Foundation for Innovation: Leader’s Opportunity Fund grant to D.S. Kimmerly. 

 



Carotid Arterial Circumferential Strain Has a Greater Association to Vascular Aging than 
Conventional Carotid Arterial Stiffness. 

Rosenberg, A1. , Lane-Cordova, Ad. 2, Kappus, Rm. 1, Bunsawat, K.1, Wee, So. 1, Baynard, T. 1, Fernhall B.1  
1Integrative Physiology Laboratory, University of Illinois at Chicago, Chicago, IL; 2UNiversity of Iowa, Iowa City, IA 

 

Objective: Arterial stiffness is closely related to the risks of CVD and increases with aging. Functional impairment 
of the arterial wall can occur before structural changes and can be detectable before CVD symptoms. The elastic 
properties of the carotid arterial wall during the cardiac cycle can be evaluated by either standard 2-dimensional 
(2D) ultrasound longitudinal or 2D ultrasound circumferential imaging of vascular deformation (Strain) using 
speckle tracking. The purpose of this study was to compare standard longitudinal scans with 2D circumferential 
ultrasound imaging of vascular tissue motion and Strain using speckle tracking with in young and old people. 

Methods: Young and older adults had 2D ultrasound circumferential and longitudinal axis images of the common 
carotid artery recorded. Circumferential carotid strain (CS) and CS rate were obtained and analyzed via speckle 
tracking software. Following the strain analysis, the circumferential strain beta-stiffness (C- β) was calculated. 
Longitudinal beta-stiffness (L-β) was calculated and non-invasive blood pressure measurements obtained from 
carotid artery pressure measurements (carSBP, carDBP, carPP, carMAP) in a resting supine position using 
applanation tonometry. 

Results: C- β was significantly higher than L-β, and the association with age was greater (r =.824 vs r =.547). 
Resting CS and CS rate were significantly higher in the young compared to the older group. See table below for 
descriptive characteristics.  

Conclusion: Conventional longitudinal beta-stiffness does not explain as much of the age-dependent differences 
in the carotid artery compared with circumferential strain beta-stiffness by two-dimensional speckle tracking 
imaging. This is possible due to inclusion of the whole arterial wall motion and deformation that is observed in the 
circumferential strain image. Circumferential strain Beta-stiffness appears to provide additional information when 
comparing age-dependent changes in vascular stiffness. The ability of circumferential strain beta-stiffness to 
accurately predict the future risk of CVD independent of age still needs to be investigated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All Data are mean ± SEM, * Age Difference, p<0.05 

 

Variables Young 
(n=13) 

Older 
(n=16) 

Age (yrs) * 26 + 1 62 + 2 

BMI (kg/m2) * 24.1 + 0.9 28.0 + 1.3 

Heart Rate (bpm) 57 + 3 63 + 2 

carSBP (mmHg) 104 + 4 116 + 5 

carDBP (mmHg) * 66 + 2 73 + 2 

carMAP (mmHg) * 83 + 2 91 + 3 

carPP (mmHg) 45 + 2 52 + 3 

AC (mm2/kPa) * 1.48 + 0.20 0.96 + 0.14 

L-Systolic Diameter (mm) * 6.82 + 0.22 7.79 + 0.29 

L-Diastolic Diameter (mm) * 6.15 + 0.22 7.34 + 0.29 

L- β * 4.5 + 0.4 8.8 + 0.8 

C-Systolic Diameter (mm) * 6.86 + 0.10 7.66 + 0.23 

C-Diastolic Diameter (mm) * 6.24 + 0.11 7.24 + 0.22 

C- β * 6.0 + 0.6 16.7 + 1.4 

CS (PK%) * 8.3 + 0.8 3.1 + 0.3 

CS Rate (PK 1/s) * 0.65 + 0.06 0.25 + 0.02 

Radial Displacement (PK mm) * 0.27 + 0.02 0.12 + 0.01 

Radial Velocity (cm/s) * 0.23 + 0.02 0.10 + 0.01 



Forward Wave Amplitude Is Not Solely Dependent on Proximal Aortic Properties: Importance of 
Wave Reflections 

Timothy S. Phana, Julio A. Chirinosb, John K-J. Lia 
aRutgers University, Piscataway, NJ, USA, bUniversity of Pennsylvania, Philadelphia, PA, USA 

 

Background: The contribution of proximal aortic properties and wave reflections to increased pulse pressure with aging 

remains controversial. The forward wave amplitude (FWA) paradigm proposes an important role for mismatch between 

flow and proximal aortic properties. This proposition assumes that the morphology and amplitude of the forward wave 

depend exclusively on the aortic root. This is unlikely, since FWA depends on the LV ejection pattern, which itself is 

sensitive to wave reflections.  

Methods: Simultaneous aortic pressure and flow were measured in anesthetized, open-chest dogs (n=5).  Wave 

reflections were modified through i.v. infusion of methoxamine and nitroprusside to increase and decrease reflections, 

respectively (Figure 1). Pressure waves were decomposed into forward and backward waves using standard methods. 

Results: The time of peak flow and FWA were only approximately equal in the case of minimal reflections (Figure 2).  In 

the presence of reflections, FWA occurred later than the time of peak flow. Increased reflections impart an inflection 

point on the forward wave, analogous to the inflection point on measured pressure waveforms. In the presence of 

normal/increased reflections, FWA was systematically greater than peak flow multiplied by aortic characteristic 

impedance (23.3 vs. 18.5 mmHg; P=0.006)  

Conclusion: Only in cases of minimal reflections does FWA primarily reveal the interaction between peak flow and 

proximal aortic diameter/stiffness. Forward and backward waves are derived under the assumption of steady-state 

oscillations, in which both the forward and backward waves are determined by reflections. FWA is therefore influenced 

by wave reflections.  When interpreted out of context with the hemodynamic principles of its derivation, the FWA 

amplitude paradigm erroneously amplifies the role of the proximal aorta on pulse pressure. We conclude that the FWA 

paradigm reinforces rather than precludes the role of increased reflections on the increased PP with age and disease. 

 

Figure 1. Simultaneously measured aortic pressure (top) and flow 

(bottom) waveforms.  Dashed lines indicate time of peak flow.  

Figure 2. Measured aortic flow (top) compared with backward and 
forward pressure waves (bottom). The dashed lines indicate time of 
peak flow. 



Effect of Nitrate Ingestion on Central Hemodynamics in Hypoxia 
 

Wesley K. Lefferts, William E. Hughes, Kevin S. Heffernan 

Department of Exercise Science, Syracuse University, Syracuse, NY 

 

Acute hypoxia results in local vasodilation that may temporarily unload the left ventricle (LV) through nitric-oxide 

(NO)-mediated mechanisms.  Whether increasing NO levels augments LV unloading and improves ventricular-

vascular coupling in hypoxia remains unknown. PURPOSE: Investigate the effect of nitrate ingestion on central 

hemodynamics in hypoxia. METHODS: 20 Healthy men (23±3 yrs, BMI 24.6±2.8 kg∙m-2) consumed 70 mL of 

either a) a 0.45 g nitrate (NIT) or b) an inert placebo (PLA) prior to 105 min of normobaric hypoxia (11.6±0.1%) in 

this randomized, double-blind, crossover-design study. Central hemodynamic variables were derived from the 

aortic blood pressure (BP) waveform at normoxic baseline and in hypoxia. Wave reflection index (RIx; ratio of 

forward to reflected wave pressure), augmentation index (AIx75) and pulse wave velocity were assessed as 

measures of wave reflection and aortic stiffness, respectively. LV wasted pressure effort (WPE) was calculated as 

an index of LV work due to wave reflections, and subendocardial viability ratio (SEVR) as a measure of myocardial 

O2 supply/demand ratio. Arterial O2 saturation was measured to quantify the hypoxic stimulus. RESULTS: 

Hypoxia significantly reduced arterial oxygen saturation compared to normoxia (p<0.05). Aortic diastolic BP, RIx, 

AIx75, and LV WPE significantly decreased in hypoxia compared to normoxia (p<0.05). SEVR and PWV were 

unaffected by hypoxia (p>0.05). Nitrate ingestion did not significantly alter central hemodynamics in hypoxia 

(p<0.05). CONCLUSIONS: Acute hypoxic exposure unloads the LV and reduces myocardial energetics without 

disturbing myocardial O2 supply-demand ratio via reductions in pressure from wave reflections and not from 

changes in aortic stiffness per se. Nitrate ingestion did not improve LV unloading or ventricular-vascular coupling 

in acute hypoxia.   

This research was supported by an American College of Sports Medicine Foundation Research Grant  

 

 

Table 1: Central hemodynamics, wave reflections, and indices of left ventricular work across treatments and conditions 
(mean ± SD) 

  Placebo (PLA) Nitrate (NIT)   
  Normoxia Hypoxia Normoxia Hypoxia n 

Aortic SBP (mmHg) 97 ± 8 97 ± 7 97 ± 7 96 ± 10 20 

Aortic DBP (mmHg) 69 ± 6 74 ± 7* 70 ± 6 72 ± 8* 20 

Heart rate (b∙min-1) 59 ± 9 64 ± 7* 57 ± 8 64 ± 8* 20 

AIx75 (%) -10 ± 11 -19 ± 7* -13 ± 10 -22 ± 12* 20 

LV WPE -542 ± 856.0 -1089.7 ± 691.1* -534.0  ± 902.1 -1312.0 ± 932.6* 14 

Aortic SEVR (%) 176 ± 37 178 ± 29 183 ± 31 177 ± 31 20 

Aortic PWV (m∙s-1) 6.6 ± 0.8 6.2 ± 0.6 6.4 ± 0.7 6.2 ± 0.6 15 

Aortic RIx 40 ± 8 32 ± 7* 36 ± 7 32 ± 5* 16 

SBP, systolic blood pressure; DBP, diastolic blood pressure; AIx75, augmentation index at 75 bpm; WPE, wasted pressure 
effort; SEVR, subendocardial viability ratio; PWV, pulse wave velocity; Rix, wave reflection index. 

* p<0.05 time effect, significantly different vs normoxia   



Estimations of Total Arterial Compliance from Carotid vs. Generalized Transfer Function-Derived 

Central Pressure Waveforms 
 

Timothy Phan1, Izzah Vasim1, Maheshwara R. Koppula1, Swapna Varakantam1, Amer A. Syed1, Ejaz M. Shah1, 
Zoubair Ahmed1, Julio A Chirinos1, Scott R. Akers2 
1University of Pennsylvania, Cardiovascular Medicine, 2VA Medical Center, Philadelphia, Department of Radiology 

 

Background: Generalized transfer functions from radial pressure waveforms are often used to estimate the peak 

central aortic pressure. However, time-resolved information in the waveform can also be used to assess the total 

arterial compliance, using central pressure and flow waveforms. Although carotid waveforms are preferred over 

peripheral arterial waveforms, high quality carotid waveform recordings are difficult to obtain in multicenter studies.  

Objectives: Total arterial compliance estimated using radial artery tonometry (using a generalized transfer 

function, GTF) strongly correlates with the results obtained with carotid tonometry.  

Methods: We studied 212 adults (mean age = 62.8, % male = 84.5). Radial and carotid arterial waveforms were 

obtained with arterial tonometry (Sphygmocor device). A GTF was used to obtain a central pressure waveform 

from the radial pressure waveform. Aortic flow was assessed with phase-contrast MRI. Total arterial compliance 

was estimated using 3 methods: - (1) pulse pressure method (PPM) (2) area method (AM) (3) diastolic decay 

method (DDM, fitting an exponential decay to the diastolic waveform).  

Results: Correlation coefficients between carotid and GTF-derived arterial compliance estimates were 0.92 for the 

PPM, R = 0.91 for the AM, and R=0.77 for the DDM. When comparing absolute values, estimates obtained with 

the PPM were significantly different when using carotid vs. radial/GFT-derived pressure waveform, with a 

systematic small positive bias when using radial waveforms. (∆=0.152;P<0.001). In contrast, values obtained with 

carotid vs. radial waveforms did not show any significant differences with the DDM (∆=0.035; P=NS) and AM (∆=-

0.0158; P=NS).  

Conclusions: Total arterial compliance assessed with radial GFT-derived central pressure waveforms provide 

acceptable estimates, compared to those obtained with carotid pressure waveforms. The area method provides 

consistent results between the 2 sites, without significant systematic bias.  

 
 



Endogenous Hydrogen Sulfide Mediated Cutaneous Vasodilation is Attenuated in Essential 

Hypertensive Humans 

Lacy M. Alexander1, Jessica L. Kutz1, Lakshmi Santhanam2, W. Larry Kenney1, and Jody L. Greaney1 

1The Pennsylvania State University, Department of Kinesiology, University Park, PA, 2Johns Hopkins University 

School of Medicine, Departments of Anesthesiology and Critical Care Medicine and Biomedical Engineering, 
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Hydrogen sulfide (H2S) is an endothelium-dependent hyperpolarizing factor (EDHF) implicated in the pathogenesis 

of hypertension-induced vascular dysfunction.  H2S is synthesized enzymatically through cystathione-γ-lyase 

(CSE) and 3-mercaptopyruvate transferase (MPST) in the cutaneous vasculature and induces vasodilation directly 

and through nitric oxide synthase (NOS)-dependent mechanisms.   

Objective: Our aim was to determine the role of endogenously produced H2S in the cutaneous microcirculation of 

essential hypertensive humans. We hypothesized that in vivo H2S-mediated vasodilation would be attenuated and 

in vitro H2S enzymatic activity would be reduced in Stage I hypertensive adults.   

Methods: Seven Stage I unmedicated hypertensive (HTN: 24-hour ambulatory systolic 144±5mmHg, diastolic 

86±3mmHg) and 7 normotensive (NTN: 110±5mmHg, 72±2mmHg) men and women were instrumented with 

intradermal microdialysis fibers serving as (1) control (Ringers), and (2) NOS-inhibited (L-NAME), (3) enzymatic 

H2S-inhibited (aminooxyacetic acid; AOAA), and (4) dual enzymatic H2S+NOS inhibition during dose-response 

perfusion of acetylcholine (Ach: 0.001, 0.01, 0.1, and 1.0mM).  Red blood cell flux (laser-Doppler flowmetry) was 

measured and cutaneous vascular conductance was calculated (%CVCmax). Skin biopsy samples were obtained 

and H2S producing enzymatic activity was measured (amperometric assay).    

Results: Ach-induced vasodilation was attenuated in HTN compared to NTN adults (p<0.001). Enzymatic H2S-

inhibition blunted the cutaneous vasodilatory response to Ach in NTN (80±6 vs. control: 90±5 %CVCmax; p=0.002) 

adults but had no effect in HTN adults (70±6 vs. control: 70±8).  Similarly, NOS-inhibition reduced the response to 

Ach in NTN adults (50±8 %CVCmax, p<0.001 vs. control), but had no effect in HTN adults (59±4%CVCmax).  Dual 

inhibition did not further reduce Ach-induced vasodilation compared to NOS-inhibition alone in either group. CSE 

and MPST were expressed in all skin samples and enzymatic activity was reduced in HTN samples (45±1 vs 35±4 

H2S[nM]/h; p<0.05).  

Conclusions:  Endogenous H2S-mediated vasodilation is functionally absent and H2S producing enzymatic 

activity is reduced in the cutaneous microcirculation of essential hypertensive humans.     



Independent and Combined Effects of Aerobic and Resistance Training on Sarcopenic Indices 
and Its Associations with Peripheral and Central Blood Pressure 

Duck-chul Lee, Elizabeth C. Schroeder 

Iowa State University, Ames, IA 
 

Objectives: To investigate the effects of aerobic and/or resistance training on sarcopenic indices and associations between 

changes in appendicular lean mass (ALM) and blood pressure (BP) and heart rate (HR).  

Methods: This 8-week randomized controlled exercise intervention includes 69 adults aged ≥45 years (mean age 58) with 

pre/stage1 hypertension, overweight/obese, and sedentary individuals. Participants were randomly assigned in aerobic 

exercise, resistance exercise, a combination of both, and control group. Exercise participants exercised 3 days/week for 60 

minutes/session. Sarcopenic indices include ALM, appendicular lean mass index (ALMI), total lean mass (TLM), and total lean 

mass index (TLMI) using multifrequency bioelectrical impedance (InBody 720). ALM was derived as the sum of the lean mass 

of the four limbs, and TLM as total lean mass. ALM and TLM were then normalized by dividing by body mass index (kg/m
2
) to 

yield ALMI and TLMI. BP and HR were measured using the SphygmoCor device.  

Results: ALM and TLM appeared to increase in all exercise groups, but decrease in control group. ALMI significantly 

increased in aerobic exercise group (p=0.03), and this increase was significantly different from the control group (p=0.03) after 

adjusting for age, sex, and baseline ALMI using linear mixed-effects model. We found a similar results in TLMI. In the 

analyses on the associations between changes in ALM and BP or HR, participants who increased ALM were more likely to 

decrease peripheral systolic, central systolic and diastolic BP, and HR. In multivariable linear regression, although not 

significant (p>0.05), participants who increased ALM appeared to decrease 1.5, 1.2, and 1.2 mmHg and 1.9 bpm in peripheral 

systolic, central systolic and diastolic BP, and HR, respectively, after adjusting for age, sex, baseline value of BP or HR, and 

weight change.  

Conclusion: Aerobic exercise prevents sarcopenia, and increasing ALM appeared to reduce BP and HR.   

Table 1. Baseline, Follow-up, and Changes in Sarcopenic Indices by Exercise Training Type 

 
Values are expressed as fitted mean and all are adjusted for age, sex, and baseline value 
*Appendicular/Total Lean Mass Index based on the US Foundation for the National Institutes of health (FNIH) Sarcopenia Project definition 

Table 2. Changes in Blood Pressure and Heart Rate by Appendicular Lean Mass Increase 

 
Values are means (SE).   
*Adjusted for age, sex, baseline value, and weight change 

  No. of 
Partici-
pants 

Mean (SE) Mean (95% Confidence Interval) 
Pair-Wise 
P Value Baseline Values 

Follow-up 
Values 

Within-Group Changes 
Between-Group Comparison 

vs Control Group Changes 
Appendicular Lean Mass (kg)             

Aerobic 17 23.90 (0.19) 24.11 (0.19) 0.20 (-0.32, 0.72) 0.39 (-0.35, 1.12) 0.30 

Resistance 17 23.91 (0.19) 23.90 (0.19) 0 (-0.52, 0.52) 0.18 (-0.55, 0.92) 0.62 
Combination 18 23.90 (0.18) 24.18 (0.18) 0.28 (-0.23, 0.78) 0.46 (-0.26, 1.18) 0.21 

Control 17 23.90 (0.18) 23.71 (0.18) -0.18 (-0.70, 0.33)     
Appendicular Lean Mass/BMI*             

Aerobic 17 0.742 (0.005)  0.760 (0.005) 0.017 (0.002, 0.032) 0.024 (0.002, 0.045) 0.03 
Resistance 17 0.742 (0.005) 0.742 (0.005) 0 (-0.016, 0.015) 0.006 (-0.016, 0.028) 0.58 

Combination 18 0.742 (0.005) 0.745 (0.005) 0.003 (-0.012, 0.018) 0.009 (-0.012, 0.031) 0.39 
Control 17 0.742 (0.005) 0.735 (0.005) -0.006 (-0.022, 0.009)     

Total Lean Mass (kg)             
Aerobic 17 50.60 (0.33) 50.94 (0.33) 0.34 (-0.64, 1.33) 0.49 (-0.90, 1.88) 0.49 
Resistance 17 50.29 (0.32) 50.51 (0.32) 0.22 (-0.76, 1.20) 0.37 (-1.02, 1.75) 0.60 

Combination 18 49.95 (0.31) 50.53 (0.31) 0.58 (-0.38, 1.53) 0.72 (-0.65, 2.09) 0.30 
Control 17 50.20 (0.32) 50.06 (0.32) -0.14 (-1.13, 0.84)     

Total Lean Mass Index/BMI*             
Aerobic 17 1.560 (0.010) 1.593 (0.010) 0.033 (0.005, 0.061) 0.039 (-0.001, 0.079) 0.06 

Resistance 17 1.560 (0.010) 1.566 (0.010) 0.006 (-0.022, 0.034) 0.012 (-0.028, 0.052) 0.55 
Combination 18 1.559 (0.010) 1.565 (0.010) 0.005 (-0.022, 0.033) 0.011 (-0.028, 0.050) 0.57 

Control 17 1.558 (0.010) 1.552 (0.010) -0.006 (-0.034, 0.022)     

  Peripheral Blood Pressure (mmHg) Central Blood Pressure (mmHg) 
Heart Rate (bpm) 

  SBP DBP SBP DBP 

Linear Regression*           

β coefficient (SE) -1.46 (2.31) 0.58 (1.99) -1.16 (2.04) -1.16 (1.59) -1.92 (1.83) 

p-value 0.53 0.77 0.57 0.47 0.30 



The Influence of Body Composition on Arterial Stiffness And Cardiorespiratory Fitness in Young 
Adults 

Adam J. Berrones, Stephanie M. Moore, Bradley S. Fleenor 
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Objectives: Carotid-femoral pulse wave velocity (cfPWV) is associated with increased cardiovascular disease risk, 

which is due, in part, to reduced cardiorespiratory fitness (CRF). The influence of body composition on the relationship 

between cfPWV and CRF has been equivocal. Thus, identifying the influence of body composition on CRF in young 

adults for future prevention is clinically relevant.  We hypothesized the inverse relation between cfPWV and CRF is due 

to greater fat mass (FM) and fat free mass (FFM) in young adult males. 

Methods: Forty-three apparently healthy, young adult males (22.19 ± 0.49 yrs) were recruited. A resting measure of 

aortic stiffness (carotid-femoral pulse wave velocity, cfPWV) was acquired, and body composition was assessed with 

bioelectrical impedance analysis using a two-compartment model (FM and FFM). Subjects completed a maximal 

treadmill test to assess peak oxygen uptake (VO2peak) as a measure of CRF.  

Results: Relative VO2peak (ml/kg/min), which accounts for overall body mass, was inversely associated with cfPWV 

(P<0.001).  However, absolute VO2peak (L/min) independent of body mass was not related to cfPWV (P=0.34).  

Subjects divided into tertiles based on absolute VO2peak demonstrated no differences in cfPWV (P=0.47).  However, an 

analysis of covariance (ANCOVA) revealed a significant main effect for total body fatness (P<0.001). Bivariate analyses 

with total body mass, total fat mass, total fat free mass, and percent fat mass were all positively associated with cfPWV 

(P<0.05, all). Percent fat free mass, however, was inversely related to cfPWV (P<0.01). 

Conclusions: CRF is not associated with aortic stiffness in apparently healthy, young adult males after controlling for 

total body mass.  An increase in either FM or FFM was associated with greater aortic stiffness, suggesting that total 

body mass – independent of its composition – modulates the aortic stiffness and CRF relationship. Thus, reducing body 

mass early in life may prevent aortic stiffness and early vascular aging.  
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Introduction: While survival rates are much greater in kidney transplant (KT) than in dialysis patients, significant 

issues remain.   Elevated pulse pressure (PP), carotid beta stiffness, and central pulse wave velocity (cPWV) have 

all been shown to be associated with cardiovascular disease, which is the main cause of death in kidney transplant 

patients. Purpose: To evaluate the relationship between physical activity levels, functional-capacity and arterial 

health in KT patients. Methods: Thirty-six persons with KT (means ± SE: 44 ± 2.23 yrs , 97.51 ± 5.096 kg, 18 

males) that were 2-18 months post-transplant had measures of arterial stiffness performed (PP, carotid beta 

stiffness, and cPWV) in addition to functional-capacity via 6 minute walk test (6MWT) and a 1-week free living 

physical activity assessment via accelerometry. Results were analyzed using bivariate correlations. Statistical 

significance was set at p< 0.05.Results: Both aortic and brachial PP as well as carotid beta stiffness were 

negatively correlated with 6MWT distance (r= -0.353, P=0.037; r= -0.341, P= 0.042; r= -0.336, P=0.045) however 

central cPWV was not (r= 0.10, P=0.962). 6MWT distance was negatively correlated with percent time spent in 

sedentary behavior (r = -0.398, P=0.044) and positively correlated with percent time spent in light physical-activity 

(r= 0.424, P=0.031). Percent time in sedentary, light, and moderate activity were not correlated with PP, carotid 

beta stiffness, or cPWV. Conclusions: These findings suggest lower functional-capacity is associated with higher 

aortic and brachial PP and carotid beta stiffness in persons with KT. The lack of significance between cPWV and 

6MWT distance may suggest a lack in correlation between functional capacity and central aortic stiffness or the 

possibility KT somehow alters cPWV. Further research is required to investigate this.  Additionally, these findings 

suggest greater daily physical-activity may improve functional-capacity but may not affect arterial stiffness in these 

patients.  

Supported by Gift of Hope and the University of Illinois at Chicago Surgery Department 

 

r=Pearson Correlation 

  Aortic PP Beta Stiffness Central PWV 

Percent Sedentary r= 0.082, P= 0.691 r= -0.005, P= 0.980 r= 0.140, P= 0.555 

Percent Light r=-0.083, P=0.687 r= -0.184, P=0.369 r= 0.074, P=0.757 

Percent Moderate r= -0.223, P= 0.274 r=-0.135, P=0.511 r= -0.017; P=0.944 
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Objectives: Chronic kidney disease (CKD) has been recently identified as a significant risk factor for stroke as 

well as for subclinical vascular diseases such as cerebral small-vessel diseases (CSVD). Endothelial dysfunction 

is a major contributor to CSVD in CKD. Interestingly, both kidney and cerebral microvasculature share similar 

anatomical and physiologic characteristics. The goal of this study was to elucidate the effects of 

hyperphosphatemia in cerebral microvasculature using human brain microvascular endothelial cells (HBMECs) 

and CKD mice as our models. 

Methods:  

CKD mice model was generated by 5/6 nephrectomy on 8-week-old C57BL/6 mice. Mice were sacrificed at four 

months after 5/6 nephrectomy. β-glycerolphosphate disodium (2mM, 5mM) was used in HBMECs for 72 hours, in 

vitro.  

Results: 

Our results showed that CKD mice had decreased myelinated nerve fibers in the corpus callosum and cerebral 

cortex and loosening myelinated fibers in the corpus callosum. We found collagen IV accumulation in brain 

microvasculature, a pattern associated with aging.. Serum phosphate levels were significant increased in CKD 

mice compared to control mice. In HBMECs, β-glycerolphosphate disodium decreased cell viability and increased 

caspase-3 mediated apoptosis. In addition, Collagen IV expression increased in a dose-dependent manner at 72 

hours after β-glycerolphosphate disodium treated HBMECs. 

Conclusion:   

Our data show for the first time that cerebral white matter and microvascular dysfunction occurs in uremic 

environments in CKD, in vitro and in vivo. Furthermore, CSVD can be driven in part, by CKD induced 

hyperphosphatemia. Our data provides a potential mechanism for the development of CSVD in CKD patients.  



CAVI measurements in a North American Normal Population 
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Introduction: The Cardio-Ankle Vascular Index (CAVI) represents a promising index of arterial stiffness, 

however, the measure or its device, the VaSera, have not been extensively tested in North American clinical 

settings, nor is much known about the pressure independency of the measure and the accuracy of the ankle-

brachial index measure when validated by Doppler in North Americans.  

Methods: To provide normal baselines, we recruited 20 male and 28 female volunteers free of known 

cardiovascular or renal disease and no history of smoking. Their CAVIs, Ankle-Brachial Indices (ABIs), and 4

-limb blood pressures were measured in 3 positions: supine, 7° Trendelenburg, and 7° Reverse 

Trendelenburg. In addition, the VaSera ABI function was validated using a standard Doppler ABI 

measurement technique in both legs in a subset of our cohort (n=24).  

Results: Subjects were 33+13 years old, with a BMI of 24+3 kg/m2.  Position was found to significantly 

affect CAVI, indicating that CAVI is sensitive to positional variations (Upper Figure right side) which are 

pressure dependent (Upper Figure left side). ABI performed well by Bland-Altman analysis (Lower Figure). 

Summary: This study represents a first step in bring the VaSera device and its CAVI measurement into 

clinical practice in a North American (US) normal cohort. 
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INTRODUCTION: Persons with multiple sclerosis (MS) experience a decreased life expectancy and greater 

burden of cardiovascular disease (CVD) compared to age-matched healthy peers.  Carotid artery dysfunction in 

the form of increased stiffness and reduced compliance are often precursors to the clinical manifestation of CVD.  

Carotid artery dysfunction is a common effect of aging, and may occur earlier in those with MS as the progression 

of CVD may be accelerated in this population.  OBJECTIVE: To study the differences in carotid arterial 

characteristics in both young and older persons with MS based on length of clinical diagnosis.  METHODS: 

Twenty seven persons with MS (Expanded Disability Status Scale of 0 – 4.0) were divided into young (i.e. ≤ 50 

years) or older (i.e. > 50 years) cohorts.  Additionally, length of diagnosis (Dx) was determined to be short (i.e. ≤ 

10 years) or long (i.e. > 10 years).  Subjects completed echo tracking ultrasound assessments of the carotid artery 

(Aloka Hitachi) and results were analyzed using a 2 X 2 analysis of variance (ANOVA).  Statistical significance was 

set at p<0.05.  RESULTS: Carotid arterial function parameters were significantly better in the young subjects 

compared to older subjects.  In the young group, Beta Stiffness Index and Elastic Modulus were significantly lower, 

and Arterial Compliance was significantly higher, in the short Dx group compared to the long Dx group.  In the 

older group, no significant differences were observed in the short Dx group compared to the long Dx group.  

CONCLUSION: These data show an expected decline in arterial function as individuals with MS age.  The 

differential stiffness and compliance properties seen in the young group based on length of diagnosis suggests 

that MS influences arterial health independent of age.  This may be a result of the decrease in physical activity 

seen in chronic disease populations such as MS.   

Supported by the National Multiple Sclerosis Society RG 4702A1/2 

 

 
All data are presented as Mean ± SEM. *Significant difference between short and long Dx groups.   
#
Significant difference between young and older groups. 

  Young (n=16) Older (n=11) 

  Short Dx (n=8) Long Dx (n=8) Short Dx (n=3) Long Dx (n=8) 

Age (years)#
 35 ± 2 40 ± 2 54 ± 2 59 ± 2 

Beta Stiffness Index 
(AU)#

 
4.89 ± .44* 6.14 ± .31 8.23 ± 1.37 8.05 ± .66 

Elastic Modulus 
(kPa)#

 
55.01 ± 5.50* 69.19 ± 3.62 123.17 ± 23.28 99.50 ± 10.30 

Arterial Compliance 
(mm2/kPa)#

 
1.47 ± .12* 1.16 ± .08 1.04 ± .35 .96 ± .13 



Influence of Body Position and Venous Pooling On Aortic Blood Pressure and Wave Reflection in 
Young Adults 

William E. Hughes, Darren P. Casey 
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Objective: Indices of wave reflection (Augmentation Index, AIx; Augmentation Index at 75 bpm, AIx@75) decrease 

during a passive head up tilt (HUT). We aimed to examine whether decreases in wave reflection during HUT were a 

result of venous pooling in the lower limbs, or change in body position (supine vs. 60˚tilt).  

Methods: 23 healthy, normotensive, young adults (12M/11F; 23±1yr) participated in 3 randomized orthostatic challenge 

conditions; 60˚ head up tilt (HUT), 60˚ HUT with rhythmic blood pressure cuff inflation on calves (75 mmHg) to minimize 

venous pooling, and lower body negative pressure (LBNP; -30 mmHg) to mimic HUT condition without change in body 

position. High fidelity radial artery pressure waveforms using applanation tonometry were taken at baseline (rest) and at 

2:30 and 5:00 min during each challenge. Aortic blood pressure and wave reflection were analyzed from a synthesized 

aortic blood pressure waveform (SphygmoCor, AtCor Medical).  

Results: Table 1 shows peripheral and central hemodynamics and pressures during each condition. AIx decreased 

during LBNP compared to baseline (P<0.01) and HUT conditions (P<0.05; Figure 1). Likewise, AIx@75 decreased 

across time points during LBNP (P<0.01); whereas, it increased slightly during HUT conditions (with and without cuff 

inflations) (P<0.05). Aside from diastolic pressures, there was no significant condition x time interactions for any of the 

other peripheral or central pressures.  

Conclusion: In contrast to previous research, AIx did not decrease during HUT conditions; however, when 

standardized for heart rate, HUT (with and without cuff inflations) elicited slight increases in aortic wave reflection. 

Conversely, LBNP elicited large reductions in indices of aortic wave reflection. These data suggest that the change in 

aortic wave reflection in response to an orthostatic challenge is dependent on the specific test and possibly body 

position.  

 

Table 1: Peripheral and Central Pressure and Hemodynamics 

 Tilt Tilt with Cuffs LBNP       
  BL 2:30 5:00 BL 2:30 5:00 BL 2:30 5:00 Condition Time Interaction 

HR (bpm) 58±2 74±2 74±3 58±2 71±2 68±3 59±2 71±3 72±3 0.47 <0.01 0.47 
AIx@75 (%) -8±2 -4±3* -1±2* -9±2 -7±2 -3±2* -8±2 -18±2*† -14±2*† <0.01 <0.01 <0.01 
BSP (mmHg) 116±2 107±2 106±2 115±2 108±2 106±2 115±2 111±2 109±2 0.28 <0.01 0.17 
BDP (mmHg) 72±1 66±2* 66±2* 71±1 66±1* 66±2* 70±2 69±2 68±2 0.38 <0.01 0.01 
MAP (mmHg) 85±1 79±2 79±2 84±1 79±1 78±1 83±2 80±1 79±2 0.59 <0.01 0.10 
BPP (mmHg) 44±2 41±2 40±2 44±1 41±2 40±2 45±2 41±2 40±2 0.80 <0.01 0.80 
ASP (mmHg) 99±2 92±2 91±2 99±2 92±1 91±2 98±2 94±2 92±2 0.59 <0.01 0.10 
ADP (mmHg) 72±1 67±1* 67±2* 72±1 67±1* 67±2* 70±2 71±2† 70±2 0.27 <0.01 0.01 
APP (mmHg) 27±1 24±1 24±1 27±1 24±1 24±1 28±1 23±1 23±1 0.73 <0.01 0.19 
AP (mmHg) 0±1 -1±1 0±1 0±1 -1±1 0±1 0±1 -4±1*† -3±1*† <0.01 <0.01 0.01 

BL, Baseline; HR, Heart Rate; AIx@75, Heart Rate Standardized Augmentation Index; BSP, Brachial Systolic Blood Pressure; BDP, Brachial Diastol-
ic Blood Pressure; MAP, Mean Arterial Pressure; BPP, Brachial Pulse Pressure; ASP, Aortic Systolic Blood Pressure; ADP, Aortic Diastolic Blood 
Pressure; APP, Aortic Pulse Pressure;  AP, Augmented Pressure; * P < 0.01 vs. Baseline; † P < 0.01 vs. HUT conditions 
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Objectives: Vascular health is controlled by competing neural sympathetic vasoconstrictor and endothelial-

derived vasodilator mechanisms. However, the relationship between these mechanisms is poorly understood. In 

humans, muscle sympathetic nerve activity (MSNA) is commonly measured in the fibular nerve to assess 

vasoconstrictor activity, while flow-mediated dilation (FMD) measures of lower-limb endothelial dilatory function are 

routinely measured in the popliteal artery (PA). Ideally, FMD measures would come from the fibular artery (FA). 

However, fibular FMD responses are rarely reported and whether it responds similarly to the PA is unknown. Past 

literature has shown upper limb arteries with a larger baseline diameter exhibit smaller FMD responses, although 

this relationship isn’t as strong in lower limb arteries (1). The aim of this study was to compare PA and FA FMD 

and corresponding changes in shear rate. 

Methods: Ultrasound-derived diameters and Doppler flow velocities of the PA and FA were measured in 13 

healthy participants (5F/8M, 22±2 years) at rest and after 5-minutes of distal cuff occlusion. Data were analyzed 

using automated edge-detection software. FMD was expressed as percent increase from rest (%FMD) and 

normalized to shear rate (%FMDnorm).  

Results: Resting and peak post-occlusion diameters were higher in the PA than FA (4.95mm±0.59mm vs. 

2.54mm±0.56mm, P<0.001 and 5.38mm±0.71mm vs. 2.82mm±0.63mm, P<0.001, respectively). However, %FMD 

and %FMDnorm were higher in the FA than PA (8.56±2.19 vs. 11.22±2.13, P=0.001 and 8.71±2.42 vs. 

11.09±2.80, P=0.01, respectively). Total shear rate area under the curve was not significantly different between 

the PA and FA (P=0.48).  

Conclusions: These results correspond with previous literature, indicating that arteries with smaller baseline 

diameters have greater FMD responses (1). There were no differences in shear rates despite different FMD 

responses. Our findings have implications for future research examining the effect of age and aerobic fitness on 

concurrent measures of FMD and resting MSNA. 

*Supported by a Canadian Foundation for Innovation: Leader’s Opportunity Fund and a Faculty of Health 

Professions Research Development grant.   
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Background: Arterial wave reflections are important contributors to LV afterload. So as to demonstrate the role of 

increased forward wave amplitude and morphology in late systolic pressure augmentation, a recent study [1] 

modified backward waves independently of forward waves to form simulated aortic pressure waveforms, without 

regard for the underlying flow necessary to meet those altered conditions. 

Methods: Simultaneous aortic pressure and flow waveforms were measured in an anesthetized open-chest dog 

under i.v. infusion of methoxamine. Pressure and flow waves were decomposed into backward and forward waves 

using standard methods. As done in the recent study, the backward waves were shifted in time to simulate earlier 

arrival of reflected waves.  The forward and backward waves were then recombined to generate simulated aortic 

pressure waveforms. Unlike the recent study, we also recombined forward and backward flow waves to assess the 

flow that is necessary for the proposed backward wave modification.  

Results: Arbitrarily modifying backward waves independently of forward waves resulted in markedly non-

physiologic flow waveforms with positive flow in diastole (Figure, panel D, dashed line), despite simulated pressure 

waveforms that appear physiological (Figure, panel B, dashed line). 

Conclusions: Modification of the backward pressure wave requires the same modification of the backward flow 

wave in order to satisfy the hemodynamic definition of aortic characteristic impedance. When backward waves are 

modified independently of the forward wave, basic hemodynamic principles are violated and non-physiological 

aortic flows are produced.  Previous findings using this method cannot be used to support the importance of the 

forward wave. Our findings illustrate the key influence of wave reflections on any given combination of forward 

wave and flow waveforms. Changes in reflections for any given forward wave will necessarily change flow. 

Similarly, changes in reflections in the presence of any given flow wave will necessarily change the forward wave.  

Figure. Simultaneously measured aortic flow (panel A) and pressure (panel B). Pressure waveform decomposed into forward 
(Pf) and backward (Pb) waves (panel C). Pb is shifted in time to simulate earlier arrival of reflections (panel C, dashed line). 
Despite a simulated pressure waveform that appears physiological (panel B, dashed line), the corresponding flow waveform is 
non-physiological (panel D, dashed line).  

References 
[1] Torjesen, Alyssa A., Na Wang, Martin G. Larson, Naomi M. Hamburg, Joseph A. Vita, Daniel Levy, Emelia J. Benjamin, 
Ramachandran S. Vasan, and Gary F. Mitchell. "Forward and backward wave morphology and central pressure augmentation 
in men and women in the Framingham Heart Study." Hypertension 64, no. 2 (2014): 259-265. 
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Background: Previous studies suggest that, despite the clear increase in PWV with aging, reflected wave transit 

time (RWTT) does not change significantly. This has led to the proposition of a “distal shift” of reflecting sites with 

aging. This conclusion is critically dependent on the methods to assess RWTT. We aimed to assess how different 

RWTT measures vary with age and show that increased PWV with age is indeed associated with decreased 

RWTT when a proper RWTT method is used. 

Methods: We studied 200 subjects (mean age 62 years; range=26 to 93). Carotid tonometry and phase-contrast 

MRI were used to assess central pressure and flow, respectively. We assessed RWTT based on: (1) wave 

separation analysis (RWTTWSA); (2) inflection point of the pressure waveform (RWTTINF); (3) partially distributed 

tube-load arterial system modeling (RWTTTUBE). Tube-load based RWTT takes into account information contained 

in entire pressure and flow waveforms, rather than arbitrarily chosen regions of interest and empirical methods to 

impose a ‘foot’ to waves. 

Results: Consistent with previous reports, RWTTINF (B=-0.0488 msec/year; P=0.65) and RWTTWSA (B=-0.217 

msec/year; P=0.075) demonstrated relatively “flat” relationships with age.  RWTTTUBE demonstrated a much 

greater reduction in RWTT (B=-0.968 msec/year; P<0.001), corresponding to changes with aging ~20 times 

greater than by the timing of the inflection point (and ~4.5 times greater than those assessed via RWTTWSA). 

Conclusion: Tube-load modeling suggests that RWTT declines much more rapidly with age, consistent with 

earlier arrival of reflections to the aorta as age and PWV increases in tandem.  The apparent asymptotic RWTT 

from standard methods misleads to the identification of a reflection-free period in early systole, at odds with the 

assumption of steady-state oscillation.  Tube-load modeling resolves the paradox and leads to logical trends of 

RWTT that is consistent with increased PWV and reflections with age. 

Figure. RWTT relationship with age via wave separation analysis method (top left), pressure 
waveform inflection point method (top right), and tube-load modeling method (bottom left). 
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Background: Reflected wave transit time (RWTT) represents the time at which arterial wave reflections begin to 

exert significant effects on aortic pressure and flow. Different methods exist to compute RWTT, each yielding 

conflicting interpretations regarding underlying cardiovascular changes. RWTT should sensibly correlate with body 

height and pulse wave velocity (PWV). Furthermore, RWTT should correlate strongly with the phase of the 

complex global reflection coefficient (Γϕ,1), as this variable describes the time lag between backward and forward 

waves in the frequency-domain. We evaluated the relationship between RWTT measured with 3 methods and the 

following 3 variables: height, PWV and Γϕ,1, to determine the method that is most logically consistent. 

Methods: Central pressure and flow waveforms were measured noninvasively using carotid tonometry and PC-

MRI, respectively, in 201 subjects (mean age = 61 years; range 26 to 93), along with carotid-femoral PWV 

(cfPWV). RWTT was computed using (1) wave separation analysis (RWTTWSA); (2) inflection point on pressure 

waveform (RWTTINF); (3) tube-load modeling (RWTTTUBE).  

Results: RWTTWSA did not show significant relationships with either height (standardized β=0.14; P=0.08) or CF-

PWV (standardized β=-0.006; P=0.94). RWTTINF was significantly related only to cfPWV (β=-0.15; P=0.01). In 

contrast, RWTTTUBE was strongly related to Γϕ,1 (β=-0.724; P<0.001) and was significantly related to body height 

(β=0.29; P<0.0001), and cfPWV (β=-0.28; P<0.001). 

Conclusions: RWTTWSA and RWTTINF demonstrated inconsistent relationships with Γϕ,1, despite their presumed 

relation to backward wave timing.  Only RWTTTUBE demonstrated the logically expected relationships with Γϕ,1, 

height, and PWV. Closer inspection of the putative methods (RWTTWSA, RWTTINF) reveals that both equate the 

time around peak flow to reflection timing. This imposes an artificial restriction on RWTT. RWTTTUBE does not have 

such artificial constraints, uses information contained in entire pressure and flow waveforms, and produce values 

that have consistent and logical trends with Γϕ,1, height, and PWV. 
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Background: Given the increase in carotid-femoral Pulse Wave Velocity (cfPWV) with aging, without an increase 

in carotid-radial PWV (CR-PWV), some investigators have suggested an age-related “impedance matching” 

between the aorta and large muscular arteries, leading to a reduction of reflections arriving at the proximal aorta 

and a distal shift in reflection sites. However, characteristic impedance is much more sensitive to diameter than 

wall stiffness and PWV “matching” should not be equated to “impedance matching”. If PWV “matching” indeed 

produces a distal shift of reflection sites, it should be related to a greater reflected wave transit time (RWTT) for 

any given PWV.  

Methods: Central pressure and flow waveforms were measured noninvasively using carotid tonometry and phase-

contrast MRI, respectively, along with cfPWV and CR-PWV (n=175; mean age 62 years). Reflected wave transit 

time was calculated using (1) wave separation analysis (RWTTWSA); (2) partially distributed modeling of the arterial 

system (RWTTTUBE). The “matching” of large artery and muscular artery PWV was calculated as the difference 

(“gradient”) between CR-PWV and cfPWV. 

Results: The PWV gradient was not related to RWTT computed with either WSA or partially distributed model of 

the arterial system (table). Similarly, this gradient was not related to the reflection coefficient measured at the 

proximal aorta. Distributed modeling demonstrated that RWTT occurs earlier with aging, in tandem with increases 

in PWV, therefore not supporting a “distal shift” in reflection sites, but rather supporting the logical presence of 

earlier wave reflections.  

Conclusion: As dictated by well-established theoretical principles, impedance matching that determines reflection 

sites is defined by gradients of impedances, and not of PWVs. The controversial proposition of “impedance 

matching” and distal shift of reflection sites with aging is therefore not supported by either theoretical or 

experimental observations. Equating “PWV matching” to “impedance matching” can result in important 

misinterpretations of reflection phenomena. 

 

 

 

 

 

 

 
 

 

Table. All values are standardized coefficients.  Significance level is set at 0.05. 

  Predictors of RWTTWSA Predictors of RWTTTUBE 

Age -0.110 (P=ns) -0.280 (P=0.008) 

Sex 0.018 (P=ns) 0.000 (P=ns) 

cfPWV 0.232 (P=ns) -0.169 (P=ns) 

ΔPWV 0.282 (P=ns) 0.146 (P=ns) 

Height 0.157 (P=ns) 0.210 (P=0.046) 
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Objectives: Atherosclerosis is the most common cause of transplant renal artery stenosis (TRAS). It is unknown 

whether therapeutic angioplasty and/or renal-artery stenting is superior to medical management for TRAS. With 

donor renal vascular manipulation or reconstruction and exposure to immunosuppression, the pathogenesis of 

RAS in renal transplant recipients may differ from non-transplant patients. We aim to identify potential risk factors 

of TRAS and outcomes after renal artery angioplasty and/or renal-artery stenting. 

Methods: The new cases of TRAS from July 2014 to June 2015 in our institutes were reviewed. The renal 

transplant donors’ and recipients’ information and outcomes including renal allograft function, blood pressure (BP), 

and change in the number of blood pressure medications were reviewed. All patients underwent balloon 

angioplasty with/without stent placement. 

Results: A total of 4 newly diagnosed TRAS were identified. Age at the time of diagnosis was 46.5 +/- 5.0 (SEM) 

years. All patients were African American and three were male. The most common cause leading to work up for 

TRAS was resistant hypertension. Mean serum creatinine at the time of diagnosis and after intervention were 2.2 

+/- 0.3 and 1.9 +/- 0.2 mg/dL (p = 0.4372), respectively. All patients had the stenosis at the ostium of the transplant 

renal artery. Three donor kidneys were required arterial or venous reconstruction before anastomosed to the 

external iliac vessels and two of these kidneys were the right kidneys. Only 1 patient had normalized BP and 

decreased the number of BP medications (Table 1). 

Conclusions: As the same to non-transplant patients, angioplasty +/- renal-artery stenting may not significantly 

improve renal allograft function or BP control in kidney transplant recipients. African American may be the risk 

factor of TRAS. Larger studies and interventional trials are required to determine the prevalence, risk factors, and 

therapeutic strategies for TRAS. 

 



Pre-operative Pulse Wave Velocity (PWV) Values and Refractory Systemic Hypotension after 
Induction of General Anesthesia in Patients Treated with Angiotensin Converting Enzyme 
Inhibitor: A Pilot Study 
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Objective: During the induction of anesthesia moderate hemodynamic disturbances are common due to 

concurrent autonomic nervous system suppression and the stress response from endotracheal intubation. 

Previous studies have shown that patients chronically taking angiotensin converting enzyme (ACE) inhibitors have 

a higher incidence of developing hypotension under general anesthesia and are refractory to adrenergic 

vasoconstrictor medications given to help restore blood pressure. We aimed to investigate whether differences in 

baseline levels of arterial stiffness, as measured by PWV, contribute to this phenomenon. 

Methods: Twenty three patients (69±7 years), chronically taking an ACE-inhibitor and were scheduled for morning 

surgery under general anesthesia with endotracheal intubation were enrolled.  Applanation tonometry 

(SphygmoCor®) was utilized to measure carotid-femoral PWV (cfPWV) preoperatively. Blood pressure was 

recorded at 1 minute intervals for 10 minutes after intubation.  Three groups were defined by systolic blood 

pressure (SBP) response; 1) non-hypotension: SBP never dropped greater than 20% from baseline, 2) 

hypotension: SBP dropped greater than 20% from baseline, however, it was restored with less than 200 mcg 

phenylephrine, 3) refractory hypotension: SBP dropped greater than 20% from baseline that required more than 

200 mcg of phenylephrine to return SBP to baseline.  

Results: Of the 23 patients enrolled, 11 (47%) patients developed hypotension within 10 minutes of endotracheal 

intubation.  Among those who developed hypotension, 4 (17%) patients were refractory to phenylephrine (200 mcg 

bolus).  cfPWV values in the non-hypotension, hypotension, and refractory hypotension group were 11.0±1.1, 

10.0±0.9 and 8.2±0.9 m/sec, respectively (P=0.2).   

Conclusion: Our preliminary results suggest there was a trend for lower pre-operative cfPWV values being 

associated with the development of hypotension or refractory hypotension during the induction of anesthesia in 

patients on an ACE inhibitor.  These results may help anesthesiologists predict and manage hypotension after 

induction of general anesthesia and consequently reduce the adverse events from persistent hypotension.   

 
 
 
 
 
 
 
 

 
 

 
 
 
 

 
 

Figure 1: Pre-operative mean cfPWV based on the patient’s systolic blood 
pressure response after induction of general anesthesia.  
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Blood Pressure is the Strongest Component Associated with Arterial Stiffness in Mexican Patients with 
Metabolic Syndrome 

Grover-Paez Fernando
1
, Ramos-Becerra Carlos G

2
, Alanis-Sánchez Guillermo A

3
, , Ognianov-Iantchoulev Assen

4
, Cardona-

Müller David
5
, Totsuka-Sutto Sylvia E

6
, Pascoe-González Sara

7
, Cardona-Muñoz Ernesto G.

8
. 

1,2,3,4,5,6,7,8
, Institute of Experimental and Clinical Therapeutics, Department of Physiology, University Center for Health 

Sciences, University of Guadalajara, México. 
 

The prevalence of Metabolic Syndrome (MetS) in Mexico increased from 26.6% to 45% in 2012. Cardiovascular disease is the 
main cause of death in Mexico and arterial stiffness (AS) is an early subclinical vascular disease marker. 

Objective: The aim of this cross-sectional study was to evaluate the correlation between the components of MetS and AS. 

Methods: Sixty-three non-smoking male patients, 40 to 77 years old, were included (22 without MetS and 41 with MetS). 
Blood pressure and baPWV were measured with the “Vascular Profiler 1000” device (VP-1000) (Omron, Kyoto, Japan). The 
methodological details have been described previously (1). Mean right and left baPWV values were used for the analysis. 
Fasting plasma glucose (FPG) was measured using a glucose oxidase technique. Total cholesterol, high-density lipoprotein 
cholesterol (HDL-c), and triglycerides were assessed by enzymatic methods. All of these measurements were performed 
using commercially available kits (Beckman Instruments Inc, Brea, Calif.) All values are expressed as an average ± the 
standard deviation (SD); the association between MetS and AS measurements was analyzed using Pearson’s coefficient. P < 
0.05 was accepted as statistically significant. 

Results: Patient characteristics are listed in Table 1. Concerning AS parameters, we observed statistical differences in 
baPWV and peripheral pulse pressure (PP).  

Table 1. Anthropometric, metabolic, hemodynamic and arterial stiffness characteristics of patients without MS (n=22) 
and with (n=41) and  

Metabolic Syndrome 

a = Student t test was used to analyze difference of continuous variables between groups.  
Regarding the association of AS and MetS components (Table 2),  

Table 2. Correlation between the different components of Metabolic syndrome and arterial stiffness (n=41). 

b
= Pearson´s r, was used to analyze the correlation between AS variables and MS 

among patients with MetS, we observed strong and significant correlations between SBP and baPWV (r=.753, p=<0.001), 
between DBP and baPWV (r=.603, p=<0.001), and between SBP and PP(r=.853, p=<0.001). 

Conclusions: This is the first study conducted in a Mexican patient population that demonstrates that blood pressure is the 
component of MetS that is most strongly associated with AS. 

References: 1.- Yamashina A 2002 

Data                 No 

(n=22) 

                 Yes 

(n= 41) 

  

pa 

Age, years 55.2 ± 7.8 

  

58.1 ± 7.48                .083 

BMI, (Kg/m2) 28.0 ±  3.2 28.7 ± 2.6                .292 
Waist, (cm) 101.5 ± 9.1 101.81 ± 7.1                .988 
FPG, (mg/dL) 90. ±  12.1 101.4 ± 19.9                .018 
Triglycerides, (mg/dL) 118.6 ± 62.9 194.1 ± 31.46                .002 
HDL-c, (mg/dL) 57.6 ± 14.9 48.5 ± 14.4               .019 
LDL-c, (mg/dL) 98.5 ± 34.7 103.3 ± 42.1               .653 
Total cholesterol, (mg/dL) 182.5 ± 26.3 175.1 ± 47.6               .524 
Systolic blood pressure , 
(mmHg) 

123.3 ± 7.8 146. 4 ± 18.0             <0.01 

Diastolic blood pressure (mmHg) 76.1 ± 7.2 86.4 ± 9.4             <0.01 
Peripheral pulse pressure 
(mmHg) 

Mean baPWV (cm/s) 

47.3± 9.4 
  

1347.0± 173.5 

59.7±15.4  

  
1578.7± 295.0 

            <0.01 

  
            <0.05 

Data baPWVb p PPb p 
BMI -.145 .443 -.283 .073 
Waist -.087 .052 -.314 .052 
SBP .753 <0.01  .853 <0.01 
DBP .603 <0.01 -.005 .976 
Triglycerides .231 .256 -.154 .363 
HDL-c -.236 .246 -.245 .144 
FPG -.065 .758 -.091 .598 



Central Blood Pressure, Wave Reflection and Subendocardial Viability Ratio in Women with a 

History of Hypertensive Pregnancy 
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Objective: History of hypertensive pregnancy (HTNP) is considered a risk factor for future cardiovascular disease.  

However, only some women with a history of HTNP become hypertensive later in life. Higher augmentation index 

(AIx) is associated with increased cardiovascular risk; additionally, lower (below 50%) subendocardial viability ratio 

(SEVR) represents subendocardial ischemia and serves as an index of myocardial oxygen supply and demand. 

Hence, the aim of the study was to determine underlying phenotypes that might differentiate these women.   

Methods: Pulse wave analysis using applanation tonometry was performed at rest in postmenopausal women 

(58±1 years) with a history of HTNP. Generalized transfer function was used to determine central aortic pressures 

and central arterial pressure waveform characteristics.  

Results: Aortic systolic pressure, aortic mean arterial pressure and augmentation index did not differ between 

women with a history of HTNP currently using anti-hypertensive medications (n=18) and non-medicated (n=15) 

HTNP women groups (p>0.05).  However, medicated women compared to non-medicated women had a 

significantly higher aortic diastolic blood pressure (81±2 versus 74±2 mmHg, respectively; p=0.04) and significantly 

higher systolic pressure-time integral and lower subendocardial viability ratio (2551 ± 106 and 129 ± 6 versus 2179 

± 84 mmHg*s and 154 ± 6 %, respectively; p=0.01 and p=0.03).  

Conclusions: These results identify differences in central blood pressure, systolic pressure-time integral and 

subendocardial viability ratio, an index of myocardial oxygen supply/demand in women with a history of HTNP that 

are currently hypertensive versus normotensive.  These data suggest the presence of distinct phenotypes in 

women with a history of HTNP, which may be identified non-invasively using arterial pressure waveforms. Further 

investigation is needed to evaluate if these changes can be primarily attributed to a history of HTN pregnancy and 

how this affects overall cardiovascular risk. 

Funding: NIA 1P50AG044170-01, CTSA UL1 TR000135, HL 118154, HL83947 



Reproducibility of Central Systolic Blood Pressure, Augmentation Index, Measurements Calculated with 

the Omron HEM-9000AI Device in a Mexican Population of Young Individuals 
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Objective: To assess the agreement and reproducibility of the non-invasive measurement of the central systolic 

blood pressure (cSBP), second systolic shoulder (SYS2), and augmentation index (AIx) with the HEM-9000AI. 

Methods: This cross-sectional study was conducted in 36 healthy Mexican individuals (20 men and 16 women). 

The cSBP, SYS2, and AIx were measured using the HEM 9000AI device. All values are expressed as mean ± SD; 

the correlation was analyzed using Pearson’s correlation coefficient and the Bland Altman method for agreement. 

All p-values were two-tailed, and p<0.05 was accepted as statistically significant. 

Results: The mean age of participants was 20.6 ± 1.6 years, mean BMI was 23.5± 3.5 and mean waist 

circumference was 82.5 ± 9.3 cm. Good correlation between the first and second measurements was exhibited by 

cSBP (r2 Pearson = 0.680), SYS2 (r2 Pearson = 0.680), and AIx (r2 Pearson = 0.675) (p<0.001 for all). The Bland–

Altman plots of the first and second SYS2 and AIx measurements also demonstrated good agreement (respective 

mean differences: 2.4±6.07 mmHg and 0.029±8.39%). 

Conclusion: The results obtained by the OMRON HEM-9000AI device demonstrate that there are strong and 

significant correlations between the first and second measurements of cSBP, SYS2, and AIx, respectively. 

 

 

 

 

 

 

 

 

 
 
Figure 1. Second systolic shoulder 1, first measurement, vs second systolic shoulder 2, second measurement, Pearson’s 
r2=0.680, p<0.001 

 

 

 

 

 

 

 

 

 
Figure 2. Augmentation Index 1, first measurement, vs Augmentation Index 2, second measurement, Pearson’s r2=0.675, 
p<0.001 



Altered Vessel Hemodynamics at Rest and After Acute Physical Stress in Young Smokers 
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Objectives: Long-standing smokers have stiffer arteries at rest; however the extent of the underlying vascular 

dysfunction in young healthy smokers has not been fully established. We aimed to examine the acute and chronic 

effect of smoking and nicotine exposure, on arterial stiffness at rest and in response to acute physical stress in 

young healthy individuals. 

Methods: Young healthy smokers (n=43) and non-smokers (n=80) underwent the ‘arterial stress test’: blood 

pressure and arterial stiffness before and after (2, 5, 10, 15, 20 minutes) an exercise test to exhaustion on a 

treadmill. Several indices were assessed: central and peripheral systolic blood pressure (SBP) and pulse pressure 

(PP), PP amplification (PPA), augmentation index corrected for a heart rate (HR) of 75 beats/min (AIx75), 

subendocardial viability ratio (SEVR), as well as carotid-femoral and carotid-radial pulse wave velocity (cfPWV and 

crPWV). Smokers were assessed under 3 conditions: a) after 12h smoking abstinence (chronic smoking), b) 

immediately after smoking one cigarette (acute smoking), and c) immediately after chewing nicotine gum.  

Results: Smokers at rest had elevated AIx75 (p<0.001), and decreased PPA (p<0.001) compared to non-

smokers. Smoking a single cigarette increased central SBP, HR, and PPA, and lowered SEVR (all p<0.001). In 

response to acute maximal exercise, smokers failed to achieve comparable exercise time (p=0.015) and maximal 

HR (p<0.001) as non-smokers. Furthermore, smokers on all 3 conditions demonstrated lower exercise-induced 

changes in AIx75 (all p<0.001) and SEVR (chronic p=0.003, acute and nicotine p<0.001) compared to non-

smokers. After acute smoking, the exercise-induced increase in cfPWV was lower when compared to the chronic 

condition (p=0.010).  

Conclusions: These findings demonstrate that acute and chronic smoking lead to an altered vessel hemodynamic 

response even in young healthy smokers. Therefore, the ‘arterial stress test’ may serve as a useful tool to identify 

vascular impairment in young smokers at an early subclinical stage.  
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High dietary sodium intake has been associated with the development of hypertension and increased incidence of 

cardiovascular disease.   

OBJECTIVE: The aim of this study was to determine the effect of short-term dietary sodium loading on arterial 

stiffness and central blood pressure in young (YG; 22-40 years old, n=49, 27±1 yrs) and middle-aged (MA; 41-60 

years old, n=36, 52±1 yrs) normotensive adults.  

METHODS: Subjects were randomized to 7 days of low sodium (LS: 20 mmol/d) and 7 days of high sodium diet 

(HS: 300 mmol/d).  On the last day of each diet, carotid-femoral pulse wave velocity (PWV), central aortic pressure 

waveform (synthesized by radial artery applanation tonometry and generalized transfer function), and wave 

separation analysis were assessed.   

RESULTS: In comparison to the LS diet, the HS diet elicited an increase in central systolic blood pressure (cSBP) 

in both YG (LS: 96±1 vs. HS: 99±1 mmHg, p < 0.05) and MA (LS: 106±2 vs. HS: 115±3 mmHg, p < 0.05). The 

increase in cSBP was greater in MA (YG: 4±1 vs. MA: 9±2, p < 0.05).  In MA, HS elicited greater central forward 

wave amplitude (LS: 25±1 vs. HS: 29±1 mmHg, p < 0.05), central reflected wave amplitude (LS: 19±1 vs. HS: 

23±1 mmHg, p < 0.05), and PWV (LS: 7.1±0.3 vs. HS: 7.7±0.5 ms, p < 0.05) whereas these were not different in 

the YG.   

CONCLUSION: These data suggest that high sodium intake is associated with a greater increase in cSBP in MA 

that may be the result of increased arterial stiffness and forward and reflected wave amplitudes.   

Supported by NIH Grant R01 HL104106. 
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Increased inflammation, which is related to cardiovascular disease and altered hemodynamics, is a common 

condition in individuals with multiple sclerosis (MS). Low to moderate intensity aerobic exercise has shown 

beneficial effects in reducing inflammation and blood pressure (BP) in individuals without MS. Low to moderate 

intensity exercise may benefit BP and pulse wave characteristics, in individuals with MS.  

Purpose: To investigate the chronic responses to low to moderate intensity home-based exercise vs. stretching 

on blood pressure and pulse wave characteristics in individuals with MS.  

Methods:  29 individuals (16 cycle exercise group, 13 stretching group) with MS participated in 12 weeks of home-

based exercise. Both groups received weekly Skype counseling sessions to monitor for exercise compliance. 

Central BP was estimated and pulse waveforms were measured using applanation tonometry and separated into 

forward and reflected waves at: 1) baseline; 2) mid-point (6 weeks of training); and 3) after 12 weeks of training.  

Results: Neither exercise nor stretching altered peripheral or central BP indices. However, aortic DBP approached 

a significant decrease after training (p = 0.073). Wave separation analysis did not show any change following 12 

weeks of exercise or stretching. Forward and reflected pressure did not differ between groups.  

Conclusions: The results suggest that moderate intensity home-based exercise did not change BP and had no 

effect on wave separation variables. The lack of change may be due to the subjects being normotensive. This 

population may need higher intensity exercise to elicit the beneficial hemodynamic changes including wave 

separation indices.  

 

  
  

  
Exercise 

  
Stretching 

Variables Baseline Mid-Point Post Baseline Mid-Point Post 
Aortic SBP 

(mmHg) 107 ± 5.1 112 ± 4.3 107 ± 4.3 105 ± 4.2 104 ± 3.8 102 ± 3.8 

Aortic DBP 
(mmHg) 73 ± 2.8 78 ± 3.1 75 ± 3.1 72 ± 3.3 73 ± 2.9 69 ± 3.1 

Brachial SBP 
(mmHg) 116 ± 4.8 123 ± 4.4 117 ± 4.0 116 ± 4.3 114 ± 3.5 112 ± 3.8 

Brachial DBP 
(mmHg) 72 ± 2.8 77 ± 3.1 74 ± 3.1 71 ± 3.3 72 ± 2.8 69 ± 3.1 

MAP 
(mmHg) 87 ± 3.3 92 ± 3.4 90 ± 3.7 86 ± 3.3 86 ± 2.9 83 ± 3.1 

Forward Pressure 
(mmHg) 24.8 ± 1.63 26.1 ± 1.55 25.2 ± 1.47 24.9 ± 1.55 26.4 ± 1.47 26.9 ± 1.93 

Reflected Pressure 
(mmHg) 16.5 ± 1.67 14.7 ± 1.82 16.1 ± 1.52 15.9 ± 1.36 15.7 ± 0.91 17.7 ± 1.53 

   Mean ± SEM 



Arterial Stiffness throughout Pregnancy in Women Who Conceive Via In Vitro Fertilization 

Kim Phan1, Laura Elbaz1, Yessica-Haydee Gomez1, Jessica Gorgui1, Amira El-Messidi2, Robert Gagnon2, Stella S 
Daskalopoulou1 
1 Department of Medicine, Faculty of Medicine, McGill University, Montreal, Quebec, Canada 
2 Department of Obstetrics and Gynecology, Royal Victoria Hospital, McGill University, Montreal, Quebec, Canada 

 

Objectives: In vitro fertilization (IVF) is an increasingly common method of conception among women. Studies 

have reported a higher risk in IVF pregnancies for certain cardiovascular-related outcomes, such as pregnancy-

induced hypertension. The effect of IVF on arterial structure as a potential underlying mechanism for this 

increased risk has yet to be explored. Applanation tonometry allows the non-invasive assessment of arterial 

stiffness, a composite predictor of cardiovascular risk. The objective of this study was to explore the association 

between IVF and arterial hemodynamic and stiffness parameters in pregnancy. 

Methods: In this prospective longitudinal study, women with singleton pregnancies were recruited from high-risk 

obstetrical clinics. Arterial stiffness was measured using applanation tonometry (Sphygmocor; AtCor, Australia) 

and compared between women who conceived via IVF and those who conceived spontaneously. Arterial 

hemodynamics and stiffness were assessed, starting in the first trimester, every four weeks throughout pregnancy 

and again at six weeks post-partum. 

Results: Of the 69 participants recruited (median maternal age = 37 years [IQR = 35-39]), 23 conceived by IVF. 

Analyses adjusted for both maternal age and body mass index showed there were no significant differences in 

peripheral and central blood pressures of women who conceived via IVF as compared to those who conceived 

spontaneously throughout pregnancy or at six weeks post-partum. In addition, carotid-femoral pulse wave velocity, 

carotid-radial pulse wave velocity, and augmentation index at a heart rate of 75 beats per minute did not differ 

significantly between these two populations (all p-values > 0.05). 

Conclusion: Conception via IVF did not have significant effects on the hemodynamic parameters, nor on central, 

peripheral, and systemic arterial stiffness throughout pregnancy of women in this population. Nor were differences 

found six weeks post-partum. 



The Influence of Resting Heart Rate on Low- and Very Low-Frequency Blood Pressure Variability  

Bunsawat, K, White, DW, Shafer, BM, Marqui, PA, Wang Y, Fernhall B, and Baynard, T.  

Integrative Physiology Laboratory.  Department of Kinesiology and Nutrition, University of Illinois at Chicago, 
Chicago, IL. 

 

Low-frequency (LF) blood pressure variability (BPV) is associated with sympathetic modulation of vascular tone, 

whereas very low-frequency (VLF) BPV reflects myogenic vascular responsiveness to blood pressure oscillations. 

Heart rate (HR) can affect blood pressure (BP) and is also modulated by sympathetic tone, but whether an equal 

change in HR affects measures of BPV in individuals with different resting HR levels remains unclear. Purpose: 

To compare measures of BPV in young adults with low (LowHR; HR<70bpm) and high (HighHR; HR>70bpm) 

resting HR. Methods: Subjects were divided into 2 groups: 12 LowHR (female=2; age 25±1 yrs; BMI 24.1±0.7 kg/

m2) and 15 HighHR (female=9; age 25±1 yrs; BMI 23.1±0.7 kg/m2) who were matched on HR change (10±1 bpm)) 

during upright leg cycling. Respiration was paced, and beat-to-beat BP and BPV were assessed for 5 min. Natural 

log-transformation (Ln) was performed on BPV data. Results: The LowHR group had a lower resting HR than 

HighHR (62±2 bpm vs. 81±2 bpm, P<0.05). Both LowHR and HighHR had similar BP increases from rest when 

matched on HR change to a small exercise stimulus (P<0.05). However, LowHR had an overall lower BPVLnLF than 

HighHR (P<0.05). No condition or group differences were observed for BPVLnVLF (P>0.05). Conclusions: A 

stimulus that caused an equal change in HR also caused an equal change in BP in both groups. The lower 

BPVLnLF in individuals with low resting HR suggests an overall lower sympathetic modulation of BP, with no 

differences in myogenic responsiveness between groups.  

Table 1. BP and BPV responses to a change in HR of 10 bpm. 

 
Data are mean±SE. BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, 
mean arterial pressure; BPVLF, blood pressure variability-low frequency; BPVVLF, blood pressure variability-high 
frequency; BPVLnLF, blood pressure variability-naturally log transformed low frequency; BPVLnVLF, blood pressure 
variability-naturally log transformed very low frequency. *significantly different than baseline based on an 
independent t-test (P<0.05). 

        P Value 

    Rest EX10 Condition Interaction Group 

SBP 
LowHR 117±4 133±4 

0.000 0.509 0.450 
HighHR 113±2 131±3 

DBP 
LowHR 66±3 69±2 

0.002 0.542 0.507 
HighHR 66±2 72±2 

MAP 
LowHR 86±3 94±2 

0.000 0.332 0.556 
HighHR 86±2 97±2 

BPVLF 
LowHR 6.52±1.91 8.67±1.81 

0.314 0.783 0.129 
HighHR 9.92±1.71 11.15±1.62 

BPVVLF 
LowHR 9.18±5.23 9.88±4.09 

0.822 0.635 0.151 
HighHR 18.96±4.7 17.03±3.66 

BPVLnLF 
LowHR 1.56±0.22 * 1.92±0.20 

0.060 0.515 0.032 
HighHR 2.12±0.16 2.30±0.13 

BPVLnVLF 
LowHR 1.54±0.30 1.90±0.29 

0.596 0.257 0.111 
HighHR 2.42±0.30 2.29±0.32 



A New Pathway to Increase Arterial Flexibility: Investigating Oils With Repsect To Arterial 
Flexibility Using Photoplethysmography (The IOWA Study) 

Brian S. Peskin 

Peskin Pharmaceuticals, Houston, Texas (USA) 

 

OBJECTIVE: The precursor (PSK002) to an investigational new drug (PSK003) was used in a screening 

experiment (IOWA) to test the ability of a new botanical lipids-based medicament to reduce arterial stiffness 

utilizing photoplethysmography. Effects were tested following long-term (48 months, N=34) or short-term (8 

months, N=16) exposure and in volunteers previously using fish oil who were converted to the medicament short-

term (6 months, N=15).  

HYPOTHESIS: Supplementation with the essential fatty acids (EFAs) linoleic acid (LA) and alpha-linolenic acid 

(ALA) and the LA metabolite gamma-linolenic acid (GLA) will reduce arterial stiffness. 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Primary metabolic pathways increasing arterial flexibility 

METHODS: Daily dosage was 2,900 mg/day of the PSK002. The effect of treatment on the arterial pressure 

waveform was measured with photoplethysmography (PPG) with a Meridian® Digital Pulse Analyzer (DPA) 

focusing on  “biological age” derived by the device as a measure of arterial wall stiffness. Error of the mean in 

“biological age” is stated as ± 5 years. Measurements were taken at a local health store in Des Moines, Iowa.  

RESULTS: Change in biological age (mean ± SD) was -7.2±10.2 years (p=0.01) for short-term,       -8.8±14.8 

years (P=0.0015) for long-term and -11.1±8.4 years (P=0.006) for volunteers who were converted from fish oil. 

CONCLUSIONS: The data support the hypothesis that supplementation with the EFAs (LA, ALA) and the LA 

metabolite (GLA) reduces arterial “biological age.”  A randomized, double-blind, placebo-controlled clinical trial 

utilizing PSK003 and more direct measures of arterial stiffness is warranted. 

  



Longitudinal Strain Is Not Associated With Clinic Central Systolic Blood Pressure in a Young 
Normotensive Population 

Kearney M,a Thomas J,a Chapman N,a Watkeys L,a Munnery M,b Cockcroft J,b, Shave R,a Stöhr EJ,a McDonnell B.a 

 aCardiff Metropolitan University (UK), bWales Heart Research Institute, Cardiff University (UK). 

 

Objectives: Increased central systolic blood pressure (cSBP) is associated with target organ damage (TOD) of 

the heart as traditionally quantified by left ventricular mass (LVM).1 However, longitudinal strain (LS), a sensitive 

marker of left ventricular (LV) function, was recently reported as reduced in hypertensive patients with normal 

LVM.2 This marker may be a more sensitive indicator of sub-clinical TOD than LVM. The purpose of this study was 

to determine if cSBP was more strongly associated with LS than LVM in a young normotensive population.  

Methods: Seventy-four young healthy normotensive adults (23 ±4yrs, 45% male) took part in the study. LVM and 

LS were measured using 2-D and speckle tracking echocardiography respectively (Vividq, GE Healthcare) with 

LVM indexed to body surface area (LVMi). Supine office peripheral SBP (pSBP) and cSBP were measured using a 

validated automated device which was calibrated using peripheral diastolic and mean BP (Mobil-O-Graph, IEM). 

The relationships between cSBP and LVMi and LS were explored using Pearson product moment correlation.   

Results: Participants had normal pSBP (120 ±11 mmHg) and LVMi (84 ±17g/m2) values. Central SBP averaged 

133 ±21 mmHg while mean LS was -18 ±2 %. Central SBP was significantly associated with LVMi (r=0.486, 

P<0.0001) but not associated with LS (r=0.137, P=0.252).  

Conclusion: Despite a strong association with LVMi, cSBP was not associated with LS in the current study 

population. Normotension may be an insufficient haemodynamic stimulus to impact LV LS in healthy young adults. 

Future studies should investigate how incremental chronic increases in cSBP affect LS. This may elucidate at what 

point cSBP becomes a negative influence on LS and whether changes to this physiological marker precede 

clinically relevant changes to LVMi.  

 

1 Protogerou AD et al. J Hypertens 2007; 2: 265-72. 

2 Imbalzano  E et al. Echocardiography 2011; 6: 649-657. 



Resting Heart Rate Is a Factor in Acute Blood Pressure Variability Responses to Cycling 

Daniel W. White, Paul A. Marqui, Yiyu Wang, Bo Fernhall, and Tracy Baynard 

Integrative Physiology Laboratory, Department of Kinesiology and Nutrition, University of Illinois at Chicago, 
Chicago, IL 60612 

 

Blood pressure variability (BPV) is an indicator of the ability to maintain blood pressure over time and is an 

indicator of arterial and autonomic health. What is not known is if steady state heart rate (HR) would affect acute 

measures of BPV. Resting HR is associated with overall sympathetic and vagal modulation. An individual with a 

lower resting HR should be able to increase sympathetic modulation to a greater extent which peripherally should 

increase BPV.  

Purpose:  To determine if a lower resting steady state HR would result in a greater increase in BPV when cycling 

at a low workload.   

Methods: Forty young healthy subjects had HR, blood pressure and respiration measured during upright rest (5 

min), followed by cycling at 20W@60rpm. Participants were instructed to breathe at a pace of 12 breaths·min-1 

during both the resting and exercise phases. Groupings were based on Low and High resting HRs of <70 or >70 

beats·min-1, respectively.  Due to non-compliance with paced breathing only 21 subjects were included.  

Results and Conclusions:  Data are shown in the table. We expected the similar increase in HR between the 

groups would equate to an increase in BPV, but there was a divergent change in beat-to-beat deviations of SAP 

(SAPdev). This indicates that resting HR is important in acute BPV. The light workload cycling may have caused a 

mild exercise pressor reflex or central command induced sympathoexcitation, but this is unlikely, as shown by no 

increase in diastolic BP with cycling. The increase in systolic pressure (SAP) is likely due to muscle pump effects 

increasing venous return.  

 

*group difference; †group x condition interaction; ‡cycling effect 

 Low Rest High Rest Low W20 High W20 

n (female) 10 (1) 11 (7)             

Age 25 ± 1.3 25 ± 1.3             

Height (cm) 177.7 ± 2.02 168.7 ± 2.70*             

Weight (Kg) 77 ± 3.5 67 ± 3.3*             

BMI (Kg·M-2) 24.3 ± 0.82 23.4 ± 0.56             

VO2max 45.1 ± 2.19 33.4 ± 1.62*             

HR (beats·min-1) ‡ 61 ± 2.1 81 ± 2.1* 71 ± 2.7 89 ± 2.6* 

SAP (mmHg) ‡ 117 ± 4.2 112 ± 3.0 129 ± 4.5 131 ± 2.8 

DAP (mmHg) 66 ± 2.9 66 ± 1.6 69 ± 2.5 70 ± 1.8 

SAPdev (mmHg) † 5.9 ± 0.51 6.1 ± 0.47 5.0 ± 0.25 6.7 ± 0.37* 

DAPdev (mmHg)‡ 2.8 ± 0.22 3.5 ± 0.27 3.3 ± 0.16 4.2 ± 0.21 

LFSAP (mmHg2)  ‡ 5.7 ± 2.10 3.0 ± 0.91 6.6 ± 1.31 6.2 ± 1.88 

VLFSAP (mmHg2) 10.0 ± 5.91 13.4 ± 4.05 6.3 ± 1.17 11.0 ± 3.30 



The Blood Pressure Variability Responses to Light Cycling in Individuals With Different Resting 
Heart Rates 

Yiyu Wang, Daniel W White, Paul A Marqui, Bo Fernhall, and Tracy Baynard  

Integrative Physiology Laboratory, Department of Kinesiology & Nutrition, University of Illinois at Chicago, 
Chicago, IL 

 

Blood pressure variability (BPV) is a non-invasive measure that includes the influence of sympathetic modulation.  

There are also other numerous factors contributing to the variability, some of which are not fully understood, such 

as resting or exercising heart rates.    

Purpose: To determine if the relative workload needed to bring the steady state heart rate (HR) to 80bpm affects 

BPV differently in individuals with different resting HR. 

Methods: Forty young healthy subjects had HR, blood pressure, and respiration measured for 5 min during 

upright rest, followed by cycling at relative workload to sustain the heart rate at 80 beats×min
-1 

(Ex80). Participants 

were instructed to breathe at a pace of 12 breaths×min-1 during both the resting and exercise phases. Groupings 

were based on Low and High resting HRs of <70 or >70 beats∙min-1, respectively. Due to non-compliance with 

paced breathing or the inability to attain a steady state HR of 80 beats∙min-1, only 21 subjects were included. 

Results and conclusions: Data are shown in the table. We did not find any group differences in response to 

exercise. However, exercise affected in frequency analysis of systolic arterial pressure (SAP) (LFSAP) and the beat-

to-beat measurements of diastolic arterial pressure deviations (DAPdev) in both groups similarly. This might 

indicate that LFSAP and DAPdev are susceptible to cyclic changes in external vascular pressure due to muscle pump 

activity. The increase in SAP with exercise is likely due to increases in venous return, as there were no increases 

in DAP, indicating no significant sympathoexcitation. 

 

*: Group difference P<0.05 ‡: Exercise effect P<0.05; †: interaction P<0.05 

  Low Rest High Rest Low Ex80 High Ex80 

n 10    11            

Age 25.2 ± 4.1 25 ± 4.4         

Height* 178 ± 6.3 168 ± 8.9         

Weight* 77 ± 11 67 ± 10.8         

BMI 24 ± 2.5 23 ± 1.8         

VO2MAX* 45 ± 6.9 33 ± 5.3         

Rel WL*         14.9 ± 8.53 6.3 ± 2.53 

HR†‡ 61 ± 6.5 81 ± 6.8* 79 ± 2.1 82 ± 4.5 

SAP‡ 117 ± 13.2 112 ± 9.8 132 ± 17.3 127 ± 5.1 

SAPdev 5.8 ± 1.61 6.1 ± 1.61 5.9 ± 1.5 5.7 ± 0.8 

DAP 66 ± 9.3 65 ± 5.3 66 ± 5.7 69 ± 3.9 

DAPdev‡ 2.7 ± 0.69 3.4 ± 0.91 3.5 ± 0.6 3.8 ± 0.55 

LFSAP‡ 5.6 ± 6.63 7.7 ± 3.03 9.4 ± 6.3 10.3 ± 5.58 

VLFSAP 9.9 ± 18.7 16 ± 13.4 11.3 ± 6.3 8.3 ± 4.82 



Independent and Combined Effects of Aerobic and Resistance Training on Blood Pressure (Art-B) 

Elizabeth C. Schroeder, Warren D. Franke, Rick L. Sharp, Duck-chul Lee 

Iowa State University, Ames, IA 

  

Objective: To compare the effects of aerobic training only, resistance training only, and a combination of both on 

blood pressure (BP) and other cardiovascular disease risk factors compared with a non-exercising control group.  

Methods: Pre-to-stage 1 hypertensive, overweight/obese, and sedentary adults (ages 58±7 years) were 

randomized to one of three 8-week exercise programs (aerobic only, resistance only, or a combination of both), or 

a non-exercise control group.  Participants exercised 3 days/week for 60 minutes/session. BP was measured with 

the SphygmaCor device.  Cardiovascular fitness, strength, and body composition were assessed using the Balke 

treadmill protocol; upper and lower body 1-repetition maximums; and bioelectrical impedance (InBody720), 

respectively.   

Results: At baseline, the mean (SE) for systolic and diastolic BP was 131(13) mmHg and 91(9) mmHg, 

respectively. Eight weeks of exercise did not significantly change systolic BP in any of the groups (p > 0.05), and 

only the combination group had a significant decrease in diastolic BP (-3.7 mmHg, 95% CI -6.8, -0.6). Significant 

increases [mean (95% CI); p value] were reached in treadmill time at 85% age-predicted maximal HR for the 

aerobic [72 seconds (38, 107); p <0.01] and combination groups [51 seconds (17, 86); p <0.01], whereas lower 

body strength gains were observed in the resistance [29.4 lbs (9.1, 49.7); p=0.01] and combination groups [24.4 

lbs (4.7, 44.2); p=0.02]. Improvements [mean (95% CI; p value)] in body composition were obtained for all three 

exercise groups: aerobic [weight: -1.0 kg (-1.9, -0.1; p=0.03) & fat mass -0.9 kg (-1.5, -0.2; p=0.01)], resistance 

[waist circumference: -1.7 cm (-3.3, -0.1; p=0.04)], and combination [weight 0.9 kg (0.02, 1.8; p=0.04) & lean body 

mass 0.8 kg (0.0, 1.5; p=0.04)].  

Conclusion: The combination of aerobic and resistance exercise training was the most effective in improving 

blood pressure and other cardiovascular disease risk factors.   
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