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ORIGINAL RESEARCH

Ankle-Brachial Index and Energy Production 
in People Without Peripheral Artery Disease: 
The BLSA
Matt T. Oberdier, PhD*; Majd AlGhatrif , MD, MA*; Fatemeh Adelnia, PhD; Marta Zampino, MD;  
Christopher H. Morrell, PhD; Eleanor Simonsick, PhD; Kenneth Fishbein, PhD; Edward G. Lakatta, MD;  
Mary M. McDermott , MD; Luigi Ferrucci , MD, PhD

BACKGROUND: Lower ankle-brachial index (ABI) values within the 0.90 to 1.40 range are associated with poorer mitochondrial 
oxidative capacity of thigh muscles in cross-sectional analyses. Whether ABI decline is associated with greater declines in 
thigh muscle oxidative capacity with aging is unknown.

METHOD AND RESULTS: We analyzed data from 228 participants (100 men) of the BLSA (Baltimore Longitudinal Study of Aging), 
aged 39 to 97 years, with an ABI between 0.9 and 1.40 at baseline and at follow-up (mean follow-up period of 2.8 years). We 
examined mitochondrial oxidative capacity of the left thigh muscle, by measuring the postexercise phosphocreatine recovery 
rate constant (kPCr) from phosphorus-31 magnetic resonance spectroscopy. Greater kPCr indicated higher mitochondrial 
oxidative capacity. Although kPCr was available on the left leg only, ABI was measured in both legs. Longitudinal rates of 
change (Change) of left and right ABI and kPCr of the left thigh muscle were estimated using linear mixed effects models, and 
their association was analyzed by standardized multiple linear regressions. In multivariate analysis including sex, age, baseline 
kPCr, both left and right baseline ABI, and ABI change in both legs, (kPCr)Change was directly associated with ipsilateral (left) 
(ABI)Change (standardized [STD]-β=0.14; P=0.0168) but not with contralateral (right) (ABI)Change (P=0.22). Adjusting for traditional 
cardiovascular risk factors, this association remained significant (STD-β=0.18; P=0.0051). (kPCr)Change was steeper in White 
race participants (STD-β=0.16; P=0.0122) and body mass index (STD-β=0.13; P=0.0479). There was no significant associa-
tion with current smoking status (P=0.63), fasting glucose (P=0.28), heart rate (P=0.67), mean blood pressure (P=0.78), and 
low-density lipoprotein (P=0.75), high-density lipoprotein (P=0.82), or triglycerides (P=0.15).

CONCLUSIONS: In people without peripheral arterial disease, greater decline in ABI over time, but not baseline ABI, was associ-
ated with faster decline in thigh mitochondrial oxidative capacity in the ipsilateral leg. Further studies are needed to examine 
whether early interventions that improve lower extremity muscle perfusion can improve and prevent the decline of muscle 
energetics.
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Impaired walking endurance associated with pe-
ripheral artery disease (PAD), defined as an ankle-
brachial index (ABI) of <0.90, has been linked to 

lower mitochondrial oxidative capacity in the muscles 
of the lower extremities.1 This association may be 

attributable in part to the discrepancy between oxygen 
delivery and demand2,3 as well as oxidative damage 
to myocytes from repeated episodes of ischemia-
reperfusion.1,4,5 Even a mildly lower ABI within the range 
of 0.9 to 1.4 is associated with lower performance in 

Correspondence to: Majd AlGhatrif, MD, MA, Laboratory of Cardiovascular Science, Biomedical Research Center, 251 Bayview Blvd, Suite 100, Room 
09B116, Baltimore, MD 21224. E-mail: majd.alghatrif@nih.gov

* M.T. Oberdier and M. AlGhatrif contributed equally as co–first authors.

Supplemental material for this article is available at https://www.ahajo​urnals.org/doi/suppl/​10.1161/JAHA.120.019014

For Sources of Funding and Disclosures, see page 8.

© 2022 The Authors. Published on behalf of the American Heart Association, Inc., by Wiley. This is an open access article under the terms of the Creative 
Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited and 
is not used for commercial purposes. 

JAHA is available at: www.ahajournals.org/journal/jaha

https://orcid.org/0000-0002-7642-2643
mailto:﻿
https://orcid.org/0000-0002-3724-7619
https://orcid.org/0000-0002-6273-1613
mailto:majd.alghatrif@nih.gov
https://www.ahajournals.org/doi/suppl/10.1161/JAHA.120.019014
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://www.ahajournals.org/journal/jaha


J Am Heart Assoc. 2022;11:e019014. DOI: 10.1161/JAHA.120.019014� 2

Oberdier et al� Ankle-Brachial Index and Energy Production

mobility tasks6–8 and with lower mitochondrial oxida-
tive capacity, assessed by phosphorous-31 magnetic 
resonance spectroscopy.9

Longitudinal studies have found a decline in ABI 
with aging in the presence10–13 and absence of PAD.14 
Whether this age-associated longitudinal decline in ABI 
is also associated with longitudinal reduction in muscle 
oxidative capacity is unknown.9 Hence, we hypothe-
sized that, in participants who are free of PAD, lower 
ABI at baseline and greater decline in ABI with aging 
are associated with greater declines in mitochondrial 
oxidative capacity. If even subclinical decline of ABI 
is associated with reduced skeletal muscle oxidative 
capacity, interventions that ameliorate blood flow and 
muscle perfusion may prevent the decline of mito-
chondrial function with aging and its consequences.

METHODS
Study Sample
Participants of the BLSA (Baltimore Longitudinal Study 
of Aging) are community-dwelling volunteers who un-
dergo 3 consecutive days of medical and physiological 
testing. Visits occur at intervals of 1 to 4 years and are 
progressively more frequent with older age.15

A total of 572 repeated measures of postexercise 
phosphocreatine recovery rate constant (kPCr), ABI, 
and other clinical and laboratory measures were col-
lected from 228 participants between 2013 and 2018. 
Six participants who reported a diagnosis of PAD and 

6 who had ABI <0.90 of either leg were excluded from 
the analysis.

The Institutional Review Board of the Intramural 
Research Program of the National Institutes of Health 
granted ongoing Institutional Review Board approval 
to the BLSA, and all participants provided written, in-
formed consent. Data and program code associated 
with this study are available on written request through 
the corresponding author.

Phosphorus-31 Magnetic Resonance 
Spectroscopy
Thigh muscle mitochondrial oxidative capacity was 
assessed in the left leg only by magnetic resonance 
spectroscopy, as previously described.16 Briefly, a 3-T 
magnetic resonance imaging scanner (Achieva; Philips 
Healthcare, Andover, MA) and a 10-cm phosphorus-
31–tuned surface coil (PulseTeq; Surrey, UK) fastened 
over the left vastus lateralis muscle were used to ac-
quire in vivo spectra of phosphorous-containing metab-
olites. From a supine position in the bore of the magnet, 
participants performed a rapid ballistic knee extension 
exercise, which was first practiced before entering 
the magnet.16,17 Before, during, and after the exercise, 
pulse-acquired phosphorus-31 spectra were obtained 
every 6 seconds, yielding a total of 75 spectra acquired 
over 7.5 minutes, of which the first 5 spectra were re-
corded at baseline. The pulse sequence incorporated 
an adiabatic radiofrequency excitation pulse with a 
90-degree flip angle, a repetition time of 1.5 seconds, 
and signal averaging over 4 successive acquisitions for 
signal/noise ratio enhancement. The length of exercise 
did not exceed 60 seconds, and the postrecovery pe-
riod was at least 6 minutes. Exercise was concluded 
when a reduction in phosphocreatine (PCr) peak height 
of at least 25% from baseline was observed, with an op-
timal goal of 66%. If <25% PCr depletion was achieved, 
then the entire exercise study was repeated, if feasi-
ble, after a resting period of ≈10 minutes. Cases with 
<25% depletion were excluded from the analyses, and 
all models were statistically adjusted for PCr depletion 
during exercise to account for its effects on observed 
associations. Spectra were processed and metabo-
lites were quantified using a publicly available software 
package (jMRUI) using a nonlinear least-squares algo-
rithm (AMARES).18,19

Phosphocreatine recovery rate was determined by 
a fit of the postexercise time-dependent PCr peak area 
to a monoexponential function of the form:

where PCr0 is the end-of-exercise PCr peak area (ie, 
the PCr peak area at t=0, the beginning of the recov-
ery period), ΔPCr is the decrease in peak area from its 

PCr(t) = PCr0 +ΔPCr ×
[

1 − exp ( − t∕�PCR)
]

CLINICAL PERSPECTIVE

What Is New?
•	 Even among those without overt peripheral ar-

tery disease, people who experience greater 
decline in ankle-brachial index with aging also 
experience greater decline in leg muscle energy 
production.

What Are the Clinical Implications?
•	 Further studies are needed to examine whether 

early interventions that improve lower extremity 
muscle perfusion can improve and prevent the 
decline of muscle energetics.

Nonstandard Abbreviations and Acronyms

BLSA	 Baltimore Longitudinal Study of Aging
kPCr	 postexercise phosphocreatine recovery 

rate constant
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preexercise baseline value to PCr0 attributable to in-
magnet exercise, and τPCr is the PCr exponential recov-
ery time constant.

The recovery rate constant, kPCr, is the inverse of 
τPCr (ie, kPCr=1/τPCr). There are few other energy 
demands during the resting period; therefore, kPCr 
is taken as in vivo muscle oxidative phosphorylation 
capacity, because with no or minimal contribution of 
anaerobic metabolism, kPCr resynthesis is primarily 
a function of maximum mitochondrial ATP produc-
tion.20–24 Therefore, greater kPCr reflects shorter re-
covery time and thus higher mitochondrial oxidative 
capacity.

PCr depletion percentage was calculated as the 
decrease in PCr peak area from preexercise PCr base-
line to PCr0.25,26 To ensure intracellular pH did not drop 
below 6.8, intracellular pH was monitored and deter-
mined according to the chemical shift of inorganic 
phosphate relative to PCr whenever a rapid and deep 
PCr drop was observed and acidosis was suspected.27

Several studies have validated the reproducibility 
of phosphorous-31 magnetic resonance spectros-
copy measurement of mitochondrial function in skel-
etal muscle,21,28,29 and the technique is particularly 
amenable to longitudinal studies.29 As suggested by 
the literature,30 to maximize reproducibility, we used 
a standardized data collection protocol that included 
continuity in equipment and technicians.

Blood Pressures and ABI
Bilateral ankle and brachial blood pressures were si-
multaneously measured 3 times using an oscillometric 
device (Colin VP-2000; Omron Healthcare Inc, Kyoto, 
Japan). After averaging the triplicates, left and right 
ABIs were calculated as the ratio of the ankle to the 
brachial systolic pressures. Subjects who at any time 
during follow-up had a left ABI <0.9 were excluded 
from this study.

Clinical Variables
Participants were classified as White or non-White 
race based on self-reported race. Height, weight, 
and heart rate were objectively measured according 
to standardized protocols. Body mass index was cal-
culated as the ratio of weight to height squared. Left 
leg cross-sectional images at midthigh were obtained 
using computed tomography (Somatom Sensation 10; 
Siemens, Malvern, PA). These images were processed 
to estimate muscle, subcutaneous fat, and intermus-
cular fat areas using commercial software (Genie 
2.1; BonAlyse Oy, Jyvaskyla, Finland). Subjects were 
classified as being current smokers or not based on 
self-report. Medications were grouped on the basis 
of World Health Organization Anatomical Therapeutic 
Chemical classification categories.

Laboratory Studies
At each visit, morning blood samples were taken from 
the antecubital vein after an 8-hour overnight fast. 
Plasma triglyceride and total cholesterol concentra-
tions were determined enzymatically by a standard 
clinical machine (ABA-200ATC Biochromatic Analyzer; 
Abbott Laboratories, Irving, TX). High-density lipopro-
tein cholesterol concentrations were determined via 
an established precipitation procedure.31 Low-density 
lipoprotein (LDL) cholesterol concentrations were 
estimated using the Friedewald formula.32 Glucose 
concentration was measured via the glucose oxi-
dase method using a standard instrument (Beckman 
Instruments, Inc, Fullerton, CA). CRP (C-reactive pro-
tein) was measured via ELISA (Immundiagnostik AG, 
Bensheim, Germany). Erythrocyte sedimentation rate 
(ESR) was measured in a Sediplast tube (LP Italiano, 
Venice, Italy).

Statistical Analysis
Given the observed differences in ABI by sex,9 de-
scriptive characteristics of the sample at baseline were 
reported and compared between men and women. 
For categorical variables, proportions were compared 
using χ2 statistics, whereas continuous variables were 
reported as mean±SD, and comparisons were made 
via Student t test. Given the relatively small sample size 
and the absence of significant sex differences in kPCr, 
subsequent analyses were not stratified by sex but in-
cluded sex as a covariate and sex interaction terms to 
test for sex differences in associations.

Rates of change in left and right ABI and left thigh 
muscle kPCr were estimated by linear mixed effects 
models, which allow for unbalanced, unequally spaced 
observations, such as those of the BLSA.33 The gen-
eral approach for using this method was described 
previously in detail.14 In summary, individual longitudi-
nal rates of change (Change) were calculated by fitting 
separate linear mixed effects models for each variable, 
regressing the indexed variable against follow-up time 
in years as a random effect (ie, the estimated individual 
variation from the population average slope was used 
to calculate the individual rate of change [Change]).

Multiple linear regression models were then used to 
examine the independent association between left and 
right (ABI)Change and left (kPCr)Change. The initial model 
fitted for (kPCr)Change as a function of independent vari-
ables, including sex, baseline age, baseline kPCr, PCr 
depletion, and left ABI, in addition to rates of change 
of PCr depletion and left ABI. The second model in-
cluded right ABI and its rate of change (but not left 
ABI and its rate of change), whereas the third model 
adjusted for covariates and traditional cardiovascular 
risk factors, including pulse wave velocity, race, cur-
rent smoking, fasting glucose, body mass index, mean 
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arterial pressure, and blood lipids. In additional mod-
els, left leg composition and inflammatory markers 
and their changes over time, baseline medications, 
and LDLChange were explored as potential correlates of 
(kPCr)Change. Sex-(ABI)Change interaction terms were in-
cluded to assess sex differences.

To illustrate the association between ABI and kPCr, 
baseline left ABI range was divided into 2 groups 
(namely, borderline/low-normal [0.90–1.10] and high-
normal [1.11–1.4]). Similarly, left (ABI)Change was catego-
rized into 3 groups based on tertiles. Least-squares 
adjusted means of (kPCr)Change (including variables in 
Table 2, model 1) were calculated for left baseline ABI 
and (ABI)Change groups and compared using ANCOVA 
followed by a post hoc Tukey test. For all analyses, 
P<0.05 was the threshold for significance, and all anal-
yses were performed via SAS for Windows (Version 
9.4; Cary, NC).

RESULTS
The average baseline age of the study population was 
75 years (range, 39–97 years). On average, participants 
had 3 visits and a mean follow-up of 2.8 years (SD, 1.2 
years) (Table 1.) Of participants, 70% were White race 
and 2.2% were current smokers. There were no dif-
ferences between men and women in mean arterial 

pressure, triglyceride levels, left thigh muscle oxidative 
capacity (kPCr), phosphocreatine depletion, and CRP. 
However, compared with women, men had greater 
fasting glucose, body mass index, ABI, pulse wave ve-
locity, and left leg lean/fat ratio but lower heart rate, 
LDL and high-density lipoprotein levels, and ESR.

The mean and SD of (kPCr)Change was 
0.0000568±0.0000556  ms-1/y, while that of left 
(ABI)Change was 0.00163±0.0082/y relative to a mean 
intravisit left ABI SD of 0.0395. Figure 1 illustrates the 
bivariate association between kPCr and left ABI rates 
of change. In multivariate linear regression analysis, 
left (ABI)Change, but not baseline left ABI, was a signifi-
cant independent predictor of (kPCr)Change (standard-
ized β=0.1440 [P=0.0168] and standardized β=0.0400 
[P=0.52], respectively; Table  2, model 1). (kPCr)Change 
was not significantly associated with baseline right ABI 
or right (ABI)Change (P=0.81 and P=0.22, respectively; 
Table S1, model 1). The association of left (ABI)Change 
with (kPCr)Change was independent of baseline right 
ABI and right (ABI)Change before (Table S1, model 2) 
and after adjusting for traditional cardiovascular risk 
factors (Table S1, model 3). The association of left 
(ABI)Change with (kPCr)Change was also independent of 
initial age, baseline kPCr, and (PCr depletion)Change 
(Table 2, model 1), and remained significant after ad-
justing for additional covariates, including traditional 
cardiovascular risk factors (Table  2, model 2). White 

Table 1.  Baseline Characteristics of the Study Population

Variable Total (n=228) Men (n=100) Women (n=128) P value

Initial age, y 75.0±9.5 75.8±8.9 74.3±10.0 0.2450

Follow-up time, y 2.8±1.2 2.8±1.2 2.7±1.2 0.5642

No. of follow-ups 2.5±0.8 2.6±0.9 2.5±0.8 0.5168

Race (White) 160 (70.2) 78 (78.0) 82 (64.1) 0.0284

Current smoker 5 (2.2) 4 (4.0) 1 (0.8) 0.1713

Fasting glucose, mg/dL 95.6±11.9 98.3±14.0 93.4±9.5 0.0046

BMI, kg/m2 26.6±4.2 27.6±3.9 25.9±4.3 0.0016

HR, bpm 70.7±11.5 68.4±11.2 72.4±11.4 0.0094

RB MAP, mm Hg 89.8±11.2 90.5±8.9 89.2±12.6 0.3680

LDL, mg/dL 95.9±30.7 88.5±27.7 101.7±31.8 0.0012

HDL, mg/dL 65.3±18.4 55.9±15.1 72.6±17.4 <0.0001

Triglycerides, mg/dL 92.2±49.9 100.0±62.3 86.2±36.8 0.0517

PWV, m/s 7.8±2.1 8.4±2.3 7.4±1.8 0.0005

kPCr, ms−1 0.0200±0.0047 0.0205±0.0048 0.0195±0.0045 0.1199

PCr depletion, % 39.7±9.2 39.8±9.4 39.7±9.0 0.9521

Left ABI 1.17±0.08 1.20±0.08 1.16±0.08 0.0003

Right ABI 1.17±0.08 1.19±0.08 1.16±0.08 0.0012

Left leg lean/fat ratio 1.89±0.95 2.68±0.87 1.27±0.40 <0.0001

CRP, mg/L 2.06±2.99 2.09±3.06 2.03±2.94 0.8869

ESR, mm/h 12.2±11.6 9.2±10.2 14.5±12.1 0.0005

Data are given as mean±SD or number (percentage). ABI indicates ankle-brachial index; BMI, body mass index; bpm, beats per minute; CRP, C-reactive 
protein; ESR, erythrocyte sedimentation rate; HDL, high-density lipoprotein; HR, heart rate; kPCr, postexercise phosphocreatine recovery rate constant; LDL, 
low-density lipoprotein; PCr, phosphocreatine; PWV, pulse wave velocity; and RB MAP, right brachial mean arterial pressure.
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race and higher body mass index were associated with 
greater increase in (kPCr)Change (standardized β=0.1560 
[P=0.0122] and standardized β=0.1293 [P=0.0479], 
respectively). Baseline pulse wave velocity, current 
smoking, fasting glucose, heart rate, mean arterial 
pressure, and cholesterol levels were not significantly 
associated with (kPCr)Change. Also, left thigh muscle 
lean/fat composition ratio and CRP and their changes, 
baseline medications, and LDLChange were not associ-
ated with (kPCr)Change (Tables S2 through S5). ESRChange 
was directly associated with (kPCr)Change, but only after 
adjusting for covariates and cardiovascular risk fac-
tors (P=0.0495; Table S4, model 4). Left (ABI)Change 
remained an independent and significant predictor of 
(kPCr)Change after adjustment for all these potential con-
founders. Via multiple regression analysis, the longitu-
dinal left ABI-kPCr relationship had a power of 0.62. To 
illustrate the association between left ABI and kPCr, we 
plotted model-adjusted means of (kPCr)Change (based 
on Table  2, model 1) for baseline left ABI categories 
(0.90–1.10 and 1.11–1.4) and left (ABI)Change tertiles. 
As shown in Table  2, there was no significant differ-
ence between the 2 baseline ABI groups (Figure 2A). 
However, those in the highest tertile of left (ABI)Change 
had significantly higher mean (kPCr)Change than those in 
the lowest tertile (Figure 2B).

DISCUSSION
Principal Findings
In this study, we found that among people without 
PAD, ABI longitudinal decline, but not baseline value, 

was associated with a decline in thigh muscle oxidative 
capacity of the same leg but not of the contralateral 
leg; this longitudinal association remained significant 
after adjusting for covariates and cardiovascular risk 
factors.

Linear Association Between ABI and 
Muscle Oxidative Capacity
This study is consistent with our previously published 
findings that, when compared with those with high-
normal ABI (1.10–1.40), individuals with modestly re-
duced ABI (0.90–1.09) are more likely to have lower 
thigh muscle mitochondrial oxidative capacity, as as-
sessed by kPCr, in cross-sectional analyses.9 These 
new results, however, add a longitudinal dimension 
that reinforces the idea that even subclinical reduc-
tion of ABI negatively impacts skeletal muscle oxidative 
capacity. The association appears linear, suggesting 
that declines in ABI affect oxidative capacity at any 
level within the normal ABI range studied herein, inde-
pendent of initial ABI. However, further studies with a 
larger sample size may be needed to finally determine 
whether impairment of oxidative capacity only critically 
occurs below a certain ABI threshold.

The underlying mechanism of this association re-
mains undefined, but these findings might indicate that 
low-normal ABI is indicative of limited ability to increase 
blood flow during exercise, leading to reduced postex-
ercise oxidative capacity. The significant association of 
(kPCr)Change with changes in ipsilateral but not contralat-
eral ABI suggests that local flow-limiting factors, such 
as structural plaques or impaired endothelial reactivity, 

Figure 1.  Bivariate association between postexercise phosphocreatine recovery rate constant 
(kPCr) and left ankle-brachial index (ABI) rates of change.
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may contribute to this phenomenon by limiting oxygen 
delivery to mitochondria. Such theories are also con-
sistent with our prior work indicating that differences 
in muscle perfusion partly explain the age-associated 
decline in muscle oxidative capacity.34 Interestingly, we 
found that the association of hemodynamics and mus-
cle energetic changes was not accounted for by typical 
age-associated changes, including changes in mus-
cle/fat ratio. Further studies examining systemic and 
local contributors to this process, including changes in 
type I versus type II muscle fibers, femoral artery blood 
flow, and endothelial function with aging, are needed.

Indications of an Early Relationship 
Between ABI and Muscle Energetics
One of the interesting findings of this analysis is that 
the heterogeneity in ABI changes was concordant 
with that in muscle oxidative capacity; specifically, our 
analysis of the consistency between change in ABI and 
change in kPCr showed that participants in the lowest 
tertile (negative changes) and those in the highest ter-
tile (positive changes) of ABI rate of change were more 
likely to have concordant changes in kPCr (Figure 2B).

Although we cannot make any causal statements 
based on an observational study, the changes ob-
served in this analysis (ie, increasing and decreasing 
ABI with corresponding changes in kPCr) suggest a 

possible dynamic relationship between these 2 param-
eters. Such a dynamic relationship, if it exists, would 
not be explained only by flow-limiting lesions, which 
tend to be fixed or progressive. However, more labile 
hemodynamic alterations that ensue with arterial aging, 
such as changes in pressure wave reflection and pe-
ripheral pulse pressure amplification, can contribute to 
the changes in ABI observed in this healthy cohort.

It is possible that the reduction in oxidative ca-
pacity observed in this study might be reversible. 
Furthermore, even fluctuations in perfusion may cause 
a vicious cycle of ischemia-reperfusion injury that 
causes irreversible damage and in some individuals 
may evolve into clinically overt PAD (ie, ABI <0.90).1,4,5 
However, these hypotheses could not be tested be-
cause of limitations in the number of follow-up visits 
with complete data in this study. Hence, our findings 
call for further investigations, including clinical trials 
testing the hypothesis that increasing lower extremity 
perfusion in individuals with borderline/low-normal ABI 
values may help preserve mitochondrial function and 
possibly prevent subclinical decline with aging.

Limitations
First, the association between change in ABI and 
change in oxidative capacity remained significant after 
adjusting for multiple potential confounders but was 

Table 2.  Multiple Linear Regression Models Predicting (kPCr)Change and Considering Left ABI and Left (ABI)Change (Model 1) 
and Covariates and Cardiovascular Risk Factors (Model 2)

Variable

Model 1 Model 2

β STβ P value β STβ P value

Intercept 1.80E-03 0.0000 0.0034 2.08E-03 0.0000 0.0170

Initial age, y −8.05E-06 −0.1387 0.0136 −1.09E-05 −0.1868 0.0036

Sex (men) −5.44E-05 −0.0486 0.3818 3.86E-05 −0.0345 0.6130

kPCr, ms−1 −6.64E-02 −0.5579 <0.0001 −6.94E-02 −0.5897 <0.0001

PCr depletion, % −1.65E-06 −0.0274 0.7201 −4.19E-06 −0.0716 0.3981

(PCr depletion)Change, %/y −1.13E-04 −0.2113 0.0064 −1.26E-04 −0.2417 0.0041

Left ABI 2.77E-04 0.0400 0.5229 2.26E-04 0.0322 0.6201

Left (ABI)Change, y
−1 9.81E-02 0.1440 0.0168 1.19E-02 0.1753 0.0051

(PWV)Change, m/s per y … … … 2.04E-04 0.1060 0.0943

Race (White) … … … 1.93E-04 0.1560 0.0122

Current smoker … … … −1.09E-04 −0.0270 0.6346

Fasting glucose, mg/dL … … … −3.25E-06 −0.0699 0.2820

BMI, kg/m2 … … … 1.76E-05 0.1293 0.0479

HR, bpm … … … −1.25E-06 −0.0255 0.6704

RB MAP, mm Hg … … … 8.37E-07 0.0166 0.7816

LDL, mg/dL … … … −3.49E-07 −0.0191 0.7451

HDL, mg/dL … … … 4.98E-07 0.0167 0.8169

Triglycerides, mg/dL … … … −1.07E-06 −0.0943 0.1526

ABI indicates ankle-brachial index; BMI, body mass index; bpm, beats per minute; Change, longitudinal rates of change; HDL, high-density lipoprotein; HR, 
heart rate; kPCr, postexercise phosphocreatine recovery rate constant; LDL, low-density lipoprotein; PCr, phosphocreatine; PWV, pulse wave velocity; RB MAP, 
right brachial mean arterial pressure; and STβ, standardized β coefficient.
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modest in magnitude. Thus, these findings should 
be interpreted with caution and should be replicated 
in an independent population and with longer follow-
up. Second, the BLSA is a study of healthy aging with 
well-educated participants who have relatively high 
socioeconomic status. Thus, these findings may not 
extrapolate to the general population. Third, the BLSA 
is an observational study, and therefore, the associa-
tions observed herein are not sufficient to conclude 
causal relationships between hemodynamics and oxi-
dative metabolism. Fourth, this study did not measure 
plaque burden, either proximally or distally, preventing 
the examination of its contribution to the associations 
observed. Fifth, a relationship between mitochondrial 
activity and functional performance is yet to be es-
tablished. Sixth, the relatively small sample size and 

short longitudinal follow-up time of our study might 
have produced unstable longitudinal estimates that 
prevented observations of nonlinear associations and 
sex differences that should be examined in future stud-
ies. Seventh, this study lacks advanced hemodynamic 
characterizations, including the evaluation of femoral 
endothelial function, and further studies are needed 
to examine the role of hemodynamic properties in the 
longitudinal changes observed in muscle energetics.

CONCLUSIONS
Modest longitudinal decline in ABI in people without 
PAD was associated with a simultaneous decline in 
thigh muscle oxidative capacity. A dynamic relationship 

Figure 2.  Postexercise phosphocreatine recovery rate constant (kPCr) mean rates of change for 
those with baseline left ankle-brachial index (ABI) in the borderline/low-normal (left) and normal 
(right) ranges (A) and kPCr mean rates of change for lower, middle, and upper tertile groups of left 
ABI rate of change (B). Least-squares(LS).
*P<0.05 vs lower.
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between ABI and muscle energy is suggested by the 
predominantly concordant changes in ABI and muscle 
oxidative capacity and the lack of association between 
kPCr rate of change and baseline ABI. Future studies 
are necessary to determine whether interventions that 
increase lower extremity perfusion prevent the decline 
in lower extremity oxidative capacity and mobility im-
pairment observed in many aging individuals.
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Table S1. Model predicting (kPCr)Change from right ABI and its change (Model 1), and 

(kPCr)Change predicted by left ABIChange in models that adjust for right ABI and its change before 

(Model 2) and after (Model 3) adjustment for covariates and cardiovascular risk factors. 

ABI (ankle-brachial index), PWV (pulse wave velocity), BMI (body mass index), HR (heart 

rate), RB MAP (right brachial mean arterial pressure), LDL (low-density lipoprotein), HDL 

(high-density lipoprotein), STβ (standardized β coefficient)



 Table S2. Models predicting (kPCr)Change that consider longitudinal change in LDL before 

(Model 1) and after (Model 2) adjustment for covariates and cardiovascular risk factors. 

ABI (ankle-brachial index), PWV (pulse wave velocity), BMI (body mass index), HR (heart 

rate), RB MAP (right brachial mean arterial pressure), LDL (low-density lipoprotein), HDL 

(high-density lipoprotein) 

β P β P

Intercept 1.71E-03 0.0055 2.02E-03 0.0203

Initial Age (Years) -7.69E-06 0.0183 -1.07E-05 0.0043

Sex (Men) -5.47E-05 0.3779 -4.02E-05 0.5984

k PCr (ms
-1

) -6.66E-02 <0.0001 -7.04E-02 <0.0001

PCr Depletion (%) -1.61E-06 0.7259 -4.03E-06 0.4161

(PCr Depletion)Change (%/Year) -1.12E-04 0.0065 -1.25E-04 0.0044

Left ABI 3.31E-04 0.447 2.90E-04 0.5277

Left ABIChange (Year
-1

) 9.88E-03 0.0158 1.18E-02 0.0056

PWVChange (m/s/Year) - - 2.07E-04 0.0903

Race (White) - - 1.90E-04 0.0136

Current Smoker - - -7.91E-05 0.7302

Fasting Glucose (mg/dL) - - -3.29E-06 0.2754

BMI (kg/m
2
) - - 1.71E-05 0.0547

HR (bpm) - - -1.37E-06 0.6390

RB MAP (mmHg) - - 5.78E-07 0.8483

LDL (mg/dL) - - 8.99E-08 0.9368

HDL (mg/dL) - - 2.24E-07 0.9176

Triglycerides (mg/dL) - - -1.02E-06 0.1697

LDLChange (mg/dL/Year) 7.45E-06 0.1528 7.35E-06 0.2380

Model 2Model 1

Variable (Units)



Table S3. Models predicting (kPCr)Change that consider left thigh composition and its longitudinal 

change before (Model 1) and after (Model 2) adjustment for covariates and cardiovascular risk 

factors. 

ABI (ankle-brachial index), PWV (pulse wave velocity), BMI (body mass index), HR (heart 

rate), RB MAP (right brachial mean arterial pressure), LDL (low-density lipoprotein), HDL 

(high-density lipoprotein) 

β P β P

Intercept 1.91E-03 0.0020 2.77E-03 0.0023

Initial Age (Years) -7.83E-06 0.0171 -1.16E-05 0.0020

Sex (Men) -6.41E-06 0.9426 8.13E-05 0.5111

k PCr (ms
-1

) -6.49E-02 <0.0001 -6.93E-02 <0.0001

PCr Depletion (%) -1.75E-06 0.7060 -3.94E-06 0.4280

(PCr Depletion)Change (%/Year) -1.09E-04 0.0086 -8.12E-04 0.0090

Left ABI 1.87E-04 0.6684 8.12E-05 0.8599

Left ABIChange (Year
-1

) 1.02E-02 0.0130 1.25E-02 0.0034

PWVChange (m/s/Year) - - 1.95E-04 0.1190

Race (White) - - 1.83E-04 0.0189

Current Smoker - - -1.61E-04 0.4809

Fasting Glucose (mg/dL) - - -4.25E-06 0.1616

BMI (kg/m
2
) - - 1.01E-05 0.3267

HR (bpm) - - -2.67E-06 0.3677

RB MAP (mmHg) - - 6.54E-07 0.8293

LDL (mg/dL) - - -1.84E-07 0.8656

HDL (mg/dL) - - 3.08E-07 0.8862

Triglycerides (mg/dL) - - 1.01E-06 0.1758

Left Leg Lean to Fat Ratio -3.24E-05 0.4937 -6.21E-05 0.3006

(Left Leg Lean to Fat Ratio)Change (Year
-1

) 9.98E-05 0.8590 4.56E-04 0.4253

Model 2Model 1

Variable (Units)



Table S4. Models predicting (kPCr)Change that consider inflammatory markers (CRP and ESR) and their longitudinal changes before 

(Models 1 and 3) and after (Models 2 and 4) adjustment for covariates and cardiovascular risk factors. 

ABI (ankle-brachial index), PWV (pulse wave velocity), BMI (body mass index), HR (heart rate), RB MAP (right brachial mean 

arterial pressure), LDL (low-density lipoprotein), HDL (high-density lipoprotein), CRP (C-reactive protein), ESR (erythrocyte 

sedimentation rate) 

β P β P β P β P

Intercept 2.05E-03 0.0019 2.27E-03 0.0119 1.93E-03 0.0023 2.07E-03 0.0175

Initial Age (Years) -8.96E-06 0.0104 -1.05E-05 0.0063 -7.00E-06 0.0354 -1.12E-05 0.0046

Sex (Men) -6.16E-05 0.3509 -5.41E-05 0.4867 -7.12E-05 0.2659 -1.93E-05 0.8043

k PCr (ms
-1

) -6.67E-02 <0.0001 -7.05E-02 <0.0001 -6.81E-02 <0.0001 -7.15E-02 <0.0001

PCr Depletion (%) -3.89E-06 0.4289 -4.92E-06 0.3307 -2.28E-06 0.6246 -4.35E-06 0.3867

(PCr Depletion)Change (%/Year) -1.24E-04 0.0048 -1.27E-04 0.0043 -1.15E-04 0.0077 -1.15E-04 0.0132

Left ABI 2.30E-04 0.6179 1.21E-04 0.7950 1.94E-04 0.6649 2.85E-04 0.5431

Left ABIChange (Year
-1

) 1.18E-02 0.0076 1.25E-02 0.0051 9.74E-02 0.0217 1.25E-02 0.0048

PWVChange (m/s/Year) - - 2.05E-04 0.1071 - - 2.06E-04 0.0939

Race (White) - - 1.95E-04 0.0147 - - 2.11E-04 0.0104

Current Smoker - - 5.60E-05 0.8304 - - -1.43E-04 0.5356

Fasting Glucose (mg/dL) - - -3.38E-06 0.2675 - - -3.85E-06 0.2058

BMI (kg/m
2
) - - 1.50E-05 0.1047 - - 1.82E-05 0.0451

HR (bpm) - - -1.29E-06 0.6643 - - -9.90E-07 0.7399

RB MAP (mmHg) - - 1.11E-06 0.7186 - - 3.22E-07 0.9157

LDL (mg/dL) - - -5.89E-07 0.5931 - - -3.69E-07 0.7329

HDL (mg/dL) - - 7.99E-07 0.7141 - - 7.79E-07 0.7189

Triglycerides (mg/dL) - - -8.48E-07 0.2607 - - -1.00E-06 0.1828

CRP (mg/L) -6.95E-06 0.5559 -2.80E-07 0.9817 - - - -

CRPChange (mg/L/Year) -1.12E-04 0.0927 -7.46E-05 0.2720 - - - -

ESR (mm/Hour) - - - - -1.21E-06 0.6716 4.51E-06 0.1832

ESRChange (mm/Hour/Year) - - - - -3.80E-05 0.0935 4.83E-05 0.0495

Model 1 Model 2 Model 3 Model 4

Variable (Units)



Table S5. Models predicting (kPCr)Change that consider medications at baseline after adjustment for covariates and cardiovascular risk 

factors.  

ABI (ankle-brachial index), PWV (pulse wave velocity), BMI (body mass index), HR (heart rate), RB MAP (right brachial mean 

arterial pressure), LDL (low-density lipoprotein), HDL (high-density lipoprotein), renin-angiotensin-aldosterone system (RAAS) 

β P β P β P β P β P β P β P β P β P β P

Intercept 2.10E-03 0.0162 2.14E-03 0.0139 2.08E-03 0.0171 2.06E-03 0.0180 2.09E-03 0.0165 1.90E-03 0.0299 2.15E-03 0.0150 2.08E-03 0.0173 2.08E-03 0.0175 2.04E-03 0.0197

Initial Age (Years) -1.09E-05 0.0035 -1.13E-05 0.0026 -1.09E-05 0.0037 -1.08E-05 0.0040 -1.11E-05 0.0030 -1.18E-05 0.0019 -1.08E-05 0.0040 -1.18E-05 0.0035 -1.09E-05 0.0037 -1.09E-05 0.0037

Sex (Men) -3.78E-05 0.6210 -3.47E-05 0.6488 -4.03E-05 0.6006 -3.90E-05 0.6094 -3.37E-05 0.6594 -2.84E-05 0.7107 4.29E-05 0.5770 3.94E-05 0.6065 -3.82E-05 0.6197 -3.74E-05 0.6249

k PCr (ms
-1

) -6.94E-02 <0.0001 -6.96E-02 <0.0001 -6.93E-02 <0.0001 -6.92E-02 <0.0001 -6.90E-02 <0.0001 -6.94E-02 <0.0001 -7.00E-02 <0.0001 -6.96E-02 <0.0001 -6.94E-02 <0.0001 -6.91E-02 <0.0001

PCr Depletion (%) -4.38E-06 0.3793 -4.78E-06 0.3348 -4.29E-06 0.3905 -4.05E-06 0.4147 -4.21E-06 0.3948 -4.16E-06 0.4000 4.19E-06 0.3990 -4.24E-06 0.3929 -4.18E-06 0.4011 -4.09E-06 0.4106

(PCr Depletion)Change (%/Year) -1.29E-04 0.0037 -1.29E-04 0.0035 -1.28E-04 0.0043 -1.28E-04 0.0038 -1.30E-04 0.0032 -1.23E-04 0.0050 -1.26E-04 0.0043 -1.28E-04 0.0039 -1.26E-04 0.0043 -1.26E-04 0.0043

Left ABI 2.34E-04 0.6080 2.55E-04 0.5749 2.26E-04 0.6201 3.00E-04 0.5176 1.87E-04 0.6820 3.39E-04 0.4630 1.98E-04 0.6660 2.48E-04 0.5908 2.25E-04 0.6237 2.18E-04 0.6333

Left ABIChange (Year
-1

) 1.22E-02 0.0046 1.24E-02 0.0037 1.19E-02 0.0053 1.24E-02 0.0040 1.22E-02 0.0043 1.23E-02 0.0039 1.20E-02 0.0048 1.21E-02 0.0048 1.19E-02 0.0052 1.18E-02 0.0061

PWVChange (m/s/year) 2.08E-04 0.0906 1.95E-04 0.1107 2.04E-04 0.0950 1.96E-04 0.1108 2.18E-04 0.0755 1.97E-04 0.1065 2.09E-04 0.0891 2.05E-04 0.0949 2.04E-04 0.0953 2.05E-04 0.0945

Race (White) 1.94E-04 0.0120 1.95E-04 0.1130 1.94E-04 0.0122 1.91E-04 0.0135 1.90E-04 0.0138 2.04E-04 0.0084 1.94E-04 0.0122 1.97E-04 0.0115 1.93E-04 0.0125 1.89E-04 0.0154

Current Smoker -1.10E-04 0.6294 -1.24E-04 0.5868 -1.08E-04 0.6387 -9.70E-05 0.6718 -1.12E-04 0.6243 -9.72E-05 0.6696 -1.14E-04 0.6190 -1.10E-04 0.6307 -1.08E-04 0.6375 -9.92E-05 0.6667

Fasting Glucose (mg/dL) -3.31E-06 0.2754 -2.90E-06 0.3381 -3.23E-06 0.2877 -3.55E-06 0.2441 -2.73E-06 0.3717 -3.96E-06 0.1955 -3.40E-06 0.2645 -3.30E-06 0.2773 -3.28E-06 0.2867 -2.82E-06 0.3856

BMI (kg/m
2
) 1.73E-05 0.0527 1.57E-05 0.0798 1.75E-05 0.0501 1.66E-05 0.6400 1.88E-05 0.0361 1.77E-05 0.0459 1.78E-05 0.0466 1.74E-05 0.0524 1.76E-05 0.0485 1.76E-05 0.0494

HR (bpm) -1.19E-06 0.6861 -1.12E-06 0.7017 -1.20E-06 0.6843 -1.62E-06 0.5842 -1.33E-06 0.6494 -3.20E-07 0.9149 -1.56E-06 0.6024 -1.24E-06 0.6736 -1.24E-06 0.6722 -1.14E-06 0.7006

RB MAP (mmHg) 6.14E-07 0.8412 5.02E-07 0.8679 7.80E-07 0.7976 6.06E-07 0.8417 3.98E-07 0.8958 6.68E-07 0.8247 1.05E-06 0.7314 7.26E-07 0.8115 8.43E-07 0.7809 7.35E-07 0.8088

LDL (mg/dL) -3.04E-07 0.7783 -3.21E-07 0.7642 -3.36E-07 0.7552 -2.91E-07 0.7864 -3.76E-07 0.7260 1.23E-07 0.9125 -3.82E-07 0.7229 -2.75E-07 0.8014 -3.39E-07 0.7573 -3.65E-07 0.7346

HDL (mg/dL) 4.85E-07 0.8221 4.96E-07 0.8170 4.74E-07 0.8263 4.68E-07 0.8279 7.82E-07 0.7179 1.16E-06 0.5971 3.53E-07 0.8708 5.95E-07 0.7839 5.16E-07 0.8141 4.83E-07 0.8228

Triglycerides (mg/dL) -1.04E-06 0.1650 -1.00E+06 0.1790 1.06E-06 0.1546 -1.02E-06 0.1715 -1.16E-06 0.1208 -1.11E-06 0.1370 -1.07E-06 0.1536 -1.05E-06 0.1608 -1.07E-06 0.1542 -1.05E-06 0.1598

Medication 1.52E-04 0.6420 -1.69E-04 0.1477 3.53E-05 0.8406 1.41E-04 0.3766 2.36E-04 0.2611 1.36E-04 0.1590 -5.07E-05 0.6068 2.86E-05 0.7104 2.94E-06 0.9646 -4.85E-05 0.7116

RAAS Inhibitors Lipid Drugs

Variable (Units)

Vasodilators Other Cardiac Meds Antihypertensives Diabetes DrugsDiuretics Peripheral Vasodilators Beta Blockers Calcium Antagonists
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