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Background-—Aging is associated with a modest decline in ankle-brachial index (ABI); however, the underpinnings of this decline
are not fully understood. The greater systolic ankle than brachial blood pressure, a normal ABI implies, is partially attributed to
lower central than peripheral arterial stiffness. Hence, we examined the hypothesis that the age-associated decline in ABI is
associated with central arterial stiffening with aging, assessed by pulse wave velocity.

Methods and Results-—We analyzed longitudinal data from 974 participants aged 27 to 95 years from the Baltimore Longitudinal
Study of Aging who were free of clinically significant cardiovascular disease. Participants had an average of 4 visits with a 6.8-year
average follow-up time. Linear mixed-effects models showed that the average ABI decline beyond the age of 70 years was 0.03 per
decade. In multiple regression analysis, the ABI rate of change was inversely associated with initial age (standardized b=�0.0711,
P=0.0282), independent of peripheral disease factors and baseline ABI. After adjustment, the pulse wave velocity rate of change
was inversely associated with ABI rate of change (standardized b=�0.0993, P=0.0040), rendering the association of the latter with
initial age nonsignificant (standardized b=�0.0265, P=0.5418).

Conclusions-—A modest longitudinal decline in ABI beyond the age of 70 years was shown to be independent of traditional risk
factors for peripheral arterial disease but was accounted for by an increase in pulse wave velocity. A modest decline in ABI with
aging might be a manifestation of changes in central hemodynamics and not necessarily attributable to peripheral flow–limiting
factors. ( J Am Heart Assoc. 2019;8:e011650. DOI: 10.1161/JAHA.118.011650.)
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A nkle-brachial index (ABI), defined as the ratio of ankle
systolic blood pressure (SBP) to that in the arm,1 has

been considered to be a marker for peripheral arterial disease
(PAD).2,3 While ABI <0.90 is the traditional cutoff for a
diagnosis of PAD, there is growing evidence that compared
with patients with normal ABI (1.10–1.40), individuals with
modestly reduced ABI (0.90–1.09) are more likely to have

compromised walking endurance and lower thigh muscle
oxidative capacity.4–7

Previous studies have shown that aging is associated with
a modest decline of ABI among older adults free of PAD,
independent of other cardiovascular risk factors.8,9 On the
other hand, a study in younger adults has shown an initial
increase in ABI in the 5th decade of life followed by plateauing
of ABI by the 6th decade.10 The underpinnings of such modest
declines in ABI have not been fully clarified. This information is
essential to understand the mechanism of ABI changes with
aging, elucidate mechanisms for the adverse health outcomes
observed with modestly reduced ABI, and identify effective
strategies for the treatment of this condition.

The physiologically higher ankle than brachial SBP is
partially attributed to the relatively greater peripheral than
central arterial stiffness11; specifically, the stiffer muscular
artery result in increasing pulse pressure amplification with
greater distance from the heart (ie, higher SBP at the ankle
than the arm). Aging, however, is characterized by a marked
increase in central but not peripheral arterial stiffness, hence
attenuating pulse pressure amplification and subsequently
shrinking the ankle-brachial pressure difference.12 Current
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studies have yet to examine the association between the
profound age-associated changes in central hemodynamics
and ABI.13

We hypothesized that the age-associated increase in
central arterial stiffness, assessed by central pulse wave
velocity (cPWV), is associated with a decline in ABI. We
tested this hypothesis in the BLSA (Baltimore Longitudinal
Study of Aging), a prospective cohort study with repeated
measures of ABI, cPWV, and other cardiovascular risk factors
in addition to accompanying traditional cardiovascular risk
factors.

We aimed to examine: (1) the patterns and rates of
longitudinal trajectories in ABI over a broad age range, and (2)
the association of ABI change with baseline values and rates
of change of cPWV after adjusting for traditional cardiovas-
cular risk factors.

Methods

Study Sample
Participants in the BLSA are community-dwelling volunteers
who are evaluated via medical, physiological, and psycholog-
ical testing over 3 consecutive days at specified intervals.14

More specifically, the BLSA is an open-entry, open-exit study
with irregularly spaced visits based on participants’ current
ages. Individuals younger than 60 years return every 4 years,
those between 60 and 79 years visit every 2 years, and
participants 80 years and older return annually.

Between 2004 and 2017, a total of 3557 repeated
measures of blood pressure, ABI, and other assessments
were obtained from 974 participants. Participants were
classified by race as being white or not. Twenty-one
participants were excluded for ever having an ABI <0.90.
Ongoing approval from the National Institute of Environmental

Health Sciences has been granted to the BLSA, and written
informed consent was obtained from all study participants.

BLSA data are available based on requests made through
the National Institutes of Health website,15 which will direct
inquiries to the BLSA Data Sharing Proposal Review Commit-
tee. All data releases require approval of the institutional
review board of the National Institute of Environmental Health
Sciences. BLSA consent forms do not allow data publication
in public domains.

Blood Pressures and ABI
Ankle and brachial SBPs and ABI were measured during each
visit using an oscillometric device (Colin VP-2000, Omron
Healthcare Inc). The average of left and right appendage
measurements was used in this analysis. At each visit,
patients were categorized as having hypertension if their SBP
was ≥140 mm Hg, diastolic blood pressure was ≥90 mm Hg,
they were taking antihypertensive medications, or they self-
reported having hypertension, corresponding to the Seventh
Report of the Joint National Committee on Prevention,
Detection, Evaluation, and Treatment of High Blood Pres-
sure.16 Hypertension medication status during the study was
categorized as never, initiated, terminated, and continuous
based on medication usage reported at the first and last
visits.

Pulse Wave Velocity
cPWV was assessed as carotid-femoral pulse wave velocity as
previously described.13 For all participants, pulse wave
velocity was determined via commercial devices (Complior
from 2004 to 2010 and SphygmoCor AtCor Medical from
2011 to 2017). Both devices computed carotid-femoral pulse
wave velocity as the distance traveled by the pulse wave over
body surface from the carotid to the femoral artery, divided by
the time delay in the pulse wave between sites as measured
from the foot of each arterial wave and gated by ECG. Pulse
wave velocity values were calibrated between devices as
previously described.13 Patients were classified as having a
change of instruments if different devices were used to
assess their PWV during the study.

Clinical Variables
Height was measured for all participants. Patients were
classified as ever versus never having been a smoker and ever
versus never having PAD (ABI <0.90). Diabetes mellitus was
defined per 2011 American Diabetes Association criteria17 (ie,
fasting plasma glucose ≥126 mg/dL, 2-hour glucose
≥200 mg/dL, or glycated hemoglobin ≥6.5%) or based on
diabetic medication usage.

Clinical Perspective

What Is New?

• This is the first study to show a longitudinal decline in ankle-
brachial index with aging in a healthy population over a
broad age range and free of overt atherosclerotic disease.

• These changes were independent of traditional risk factors
of peripheral arterial disease and associated with central
arterial stiffening.

What Are the Clinical Implications?

• These findings suggest that modest reduction in ankle-
brachial index in older individuals represent exaggerated
age-associated hemodynamic changes rather than being
exclusively attributed to flow-limiting lesions.
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Laboratory Studies
After an 8-hour overnight fast, morning blood samples were
taken from the antecubital vein on each visit. Plasma
triglyceride and total cholesterol concentrations were deter-
mined enzymatically by a standard clinical machine (Abbott
Laboratories, ABA-200 ATC Biochromatic Analyzer). HDL
cholesterol was determined via an established precipitation
procedure.18 Low-density lipoprotein cholesterol concentra-
tions were estimated using the Friedewald formula. The
glucose oxidase method was employed by a standard
instrument (Beckman Instruments, Inc) to measure glucose
concentration.19

Statistical Analysis
For continuous variables, baseline values for men and women
are reported as mean�SD and were compared via Student t
test; proportions of categorical variables were reported and
compared using chi-square statistics. LME models, the best
available analytical tools for unbalanced, unequally spaced
observations such as those of the BLSA,20 were utilized to
assess average longitudinal trajectories and estimate individ-
ual rates of change of indexed parameters. Population-
averaged longitudinal trajectories were generated with age

expressed as initial age and follow-up time to distinguish
cross-sectional differences (initial age) from longitudinal
changes (initial age9follow-up time), respectively.

The rates of change for ABI and PWV in each individual
were determined by regressing the indexed variable against
follow-up time in years. To accommodate the varying number
of follow-up numbers and intervals, LME models were used to
estimate regression coefficients. More specifically, separate
LME models were fitted for both ABI and PWV with follow-up
time as a random effect. The rate of change (ROC) for each
individual was calculated from the random effect coefficient
estimated by the model. As a result of a phenomenon of
shrinkage in regression models, a compensatory weighting
procedure was performed factoring in individual-specific
shrinkage estimates (for additional details, see Data S1).
Individual rates of change were indicated by the index variable
with ROC as a subscript. Multiple linear regression analysis
was used to examine the determinants of ABIROC, including, as
covariates, baseline ABI, baseline and ROC of cPWV, and
traditional cardiovascular risk factors, including hypertension,
smoking, and diabetes mellitus. Given the established accel-
eration in PWV around the 6th decade,13 age-stratified models
were also constructed with the age of 70 as a cutoff point. All
analyses were performed via SAS for Windows (version 9.4,
SAS Institute).

Table 1. Baseline Characteristics of the Study Population

Variable (Units) Total (N=974) Men (n=473) Women (n=501) P Value

Initial age, y 67.1�12.7 68.5�12.8 65.8�12.5 0.0007

Follow-up time, y 6.8�3.3 6.7�3.2 6.9�3.3 0.2325

No. of follow-ups 3.7�1.6 3.7�1.7 3.6�1.6 0.2207

Smoking, ever 406 (42.5) 234 (49.5) 172 (34.3) <0.0001

Hypertension 470 (48.3) 264 (55.8) 206 (41.1) <0.0001

Diabetes mellitus 175 (18.0) 112 (23.7) 63 (12.6) <0.0001

Hypertension medication use 40 (4.1) 36 (7.6) 4 (0.8) <0.0001

Instrument, complior 811 (83.3) 397 (83.9) 414 (82.6) 0.6071

White race 659 (68.9) 348 (73.6) 311 (62.1) 0.0002

Height, cm 168.7�9.2 175.3�7.1 162.5�6.2 <0.0001

HR, beats per min 65.0�11.0 62.4�11.2 67.4�10.3 <0.0001

Left ABI 1.16�0.09 1.17�0.09 1.15�0.09 <0.0001

Right ABI 1.17�0.09 1.18�0.09 1.17�0.08 0.0012

ABI 1.17�0.08 1.18�0.09 1.16�0.08 <0.0001

Brachial SBP 115.4�13.8 117.1�13.2 113.7�14.1 0.0001

Left ankle SBP 136.3�18.9 139.6�18.2 133.2�19.0 <0.0001

Right ankle SBP 137.5�19.0 140.4�18.6 134.8�18.9 <0.0001

cPWV, m/s 7.4�1.8 7.6�1.8 7.2�1.7 <0.0001

Values are expressed as mean�SD or number (percentage). ABI indicates ankle-brachial index; cPWV, central pulse wave velocity; HR, heart rate; SBP, systolic blood pressure.
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Results
The average initial age of the cohort was 67 years with an
average follow-up time of 6.8 years and an average of 4 visits
including repeated measures of PWV and ABI (Table 1). About
43% of participants were ever-smokers and 48% had hyper-
tension. The average ABI was 1.16�0.09 on the left and
1.17�0.09 on the right. The distributions of men and women
by initial age and decade are shown in Table S1. Compared
with women, men were older at baseline (68.5 versus
65.8 years, P=0.0007) with similar follow-up time and number
of follow-ups (Table 1). Men were also taller than women and
had higher glucose levels. Additionally, compared with
women, men had lower levels of low-density lipoprotein and
HDL, higher baseline ankle and brachial SBPs, higher ABI with
higher frequency of smoking and hypertension, and higher
usage of hypertension medications.

An LME model predicting ABI showed significant (initial
age9initial age) and (initial age9time) terms with negative
coefficients indicating that cross-sectional differences and
longitudinal changes followed parabolic trends with an initial
increase followed by a decline with advancing age (Table 2).
While ABI was higher in men than women throughout the
age spectrum (sex: b=0.0206, P<0.0001), there were no sex
differences in age-associated changes in ABI. To illustrate
these complex changes, model-predicted changes in ABI
were plotted showing an initial increase in ABI, cross-
sectionally and longitudinally, up to the age of 70 years,
after which ABI declined at greater rates with advancing age
(Figure). These changes were similar between left and right
ABI (Table S2); hence, average ABI was used for subsequent
analysis.

To investigate the role of traditional risk factors for PAD in
ABI change with aging, multiple linear regression analysis
showed that the inverse association of ABIROC with age
(standardized b=�0.0711, P=0.0282) was independent of the

effects of baseline ABI, sex, smoking, and diabetes mellitus
status, with no significant effects of the latter 2 covariates
(Table 3, model 1). To investigate the role of arterial stiffening
in ABI change, we first included PWV as an independent
variable in the LME model predicting ABI and showing an
association between ABI and PWV as a time-varying variable
(Table S3). To further examine the association, baseline and
ROC of PWV were regressed with ABIROC (Table 3, model 2).
Interestingly, cPWVROC, but not baseline cPWV, was associ-
ated with ABIROC (standardized b=�0.0993, P=0.0040) and
explained the association with aging, rendering initial age
statistically nonsignificant (standardized b=�0.0265,
P=0.5418) (Table 3, model 2). These changes were indepen-
dent of change in PWV instrumentation while race and
baseline HR, height, and right brachial MAP were not
significant determinants of ABIROC. Among hypertension
medication statuses, only initiating medication provided a
significant effect, which was negative.

Given the parabolic nature of changes in ABI, an age-
stratified analysis was performed (Table 4) showing that the
associations with PWVROC were observed in participants
70 years and older (PWVROC: standardized b=�0.1421,
P=0.0068), but not among those who were younger than
70 years (PWVROC: standardized b=0.0010, P=0.9820). Addi-
tionally, among individuals younger than 70 years, former
smoking status had a positive association with ABIROC
(standardized b=0.1138, P=0.0066) compared with current
and never smoking statuses. White race was also associated
with greater ABIROC among younger but not older individuals.
Similarly, starting hypertension medication was associated
with a lower ABIROC, among participants older but not among
those younger than 70 years. All other determinants in both
age-stratified models were nonsignificant.

Table 2. Linear Mixed-Effects Model Predicting ABI and
Determining Cross-Sectional Differences and Longitudinal
Changes by Sex

Variable (Units) b P Value

Intercept 0.8948 <0.0001

Initial age, y 0.0084 <0.0001

Initial age9initial age �0.0001 <0.0001

Follow-up time, y 0.0080 <0.0001

Initial age9follow-up time �0.0001 <0.0001

Men 0.0206 <0.0001

Instrument 0.0037 0.2312

ABI indicates ankle-brachial index.

Figure. Model-predicted cross-sectional differences and longi-
tudinal changes for men and women with age at 5-year
increments. ABI indicates ankle-brachial index.
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Discussion
This is the first study in a healthy population that examined
the longitudinal changes in ABI over a broad age spectrum
and explored its association with changes of central arterial
stiffening. We found curvilinear cross-sectional differences in
ABI with advancing age and a longitudinal decline in ABI
beyond the age of 70 years. These age-associated changes
were independent from traditional risk factors of PAD but
could be explained by central arterial stiffening and rising
PWV with advancing age.

Our analysis showed a consistently higher ABI in men than
women across the age range studied. In addition, on average,
ABI was slightly higher on the right than on the left side.
These findings agree with previous study findings.21–25

However, our analysis showed no differences in the longitu-
dinal changes between men and women, nor between left and
right (data not shown), and therefore, bilateral ABIs were

averaged (models predicting left and right ABI rates of change
are presented in Table S2).

We report an increase in ABI in both men and women with
advancing age until the age of 70 years, after which it
plateaus and starts declining. These findings of curvilinear
changes reconcile the few and contradicting reports showing
different ABI trajectories in different cohorts with different
age ranges. A longitudinal study of a younger Japanese
population has shown a similar initial increase in ABI among
participants younger than 50 years, followed by plateauing
starting by the age of 50 years.10 A cross-sectional analysis of
the same cohort showed a maximum ABI in the 60- to 69-year
age group.24 On the older side of the age spectrum, a study
using data from the Cardiovascular Health Study documented
that a decline in ABI increases with advancing age.26

It is important to note that in other longitudinal studies, ABI
rates of decline are 0.04,8 0.12,26 0.14,27 0.08,9 and 0.0528

per decade. These rates are up to more than 3 times greater

Table 3. Random Effects Linear Regression Models
Predicting ABIROC and Adjusting for Covariates

Variable (Units)

Model 1 Model 2

STb P Value STb P Value

Initial age, y �0.0711 0.0282 �0.0265 0.5418

Men 0.0901 0.0061 0.0770 0.1107

Smoking

Never Reference

Former 0.0136 0.6756 0.0065 0.8443

Current �0.0053 0.8689 �0.0095 0.7685

Diabetes mellitus 0.0091 0.7788 0.0201 0.5426

Initial ABI �0.4209 <0.0001 �0.4271 <0.0001

Hypertension medication

Never ��� ��� Reference

Initiated ��� ��� �0.0727 0.0230

Terminated ��� ��� 0.0294 0.3572

Continuous ��� ��� �0.0006 0.9861

Instrument effect ��� ��� 0.0264 0.4698

White race ��� ��� 0.0183 0.5938

Height, cm ��� ��� 0.0515 0.2825

HR, beats per min ��� ��� 0.0316 0.3441

RB MAP, mm Hg ��� ��� �0.0193 0.5627

cPWV, m/s ��� ��� �0.0194 0.6141

cPWVROC, m/s
per year

��� ��� �0.0993 0.0040

cPWV indicates central pulse wave velocity refer to heart rate, HR, heart rate; RB MAP,
right brachial mean arterial pressure; STb, standardized beta coefficients. The ROC
subscript denotes the rate of change and represents changes in each individual’s ankle-
brachial index (ABI) and pulse wave velocity over time (ie, the random effects).

Table 4. Age-Stratified Models Predicting ABIROC and
Examining the Association With PWVROC

Variable (Units)

Initial Age <70 y Initial Age ≥70 y

STb P Value STb P Value

Initial age, y �0.0136 0.7699 �0.0342 0.5350

Men 0.0670 0.2691 0.1101 0.1316

Smoking

Never Reference

Former 0.1138 0.0066 �0.0654 0.1889

Current 0.0553 0.1672 �0.0653 0.1817

Diabetes mellitus 0.0085 0.8402 0.0167 0.7373

Initial ABI �0.5900 <0.0001 �0.3499 <0.0001

Hypertension medication

Never Reference

Initiated �0.0087 0.8269 �0.1307 0.0072

Terminated 0.0250 0.5311 0.0378 0.4357

Continuous �0.0027 0.9473 �0.0057 0.9071

Instrument effect 0.0726 0.0697 �0.0283 0.6065

White race 0.0852 0.0399 �0.0398 0.4378

Height, cm 0.0051 0.9305 0.0632 0.3958

HR, beats per min �0.0349 0.4045 0.0684 0.1896

RB MAP, mm Hg �0.0190 0.6613 �0.0331 0.5154

cPWV, m/s 0.0736 0.1008 �0.0803 0.1466

cPWVROC, m/s
per year

0.0010 0.9820 �0.1421 0.0068

cPWV indicates central pulse wave velocity; HR, heart rate; RB MAP, right brachial mean
arterial pressure; STb, standardized beta coefficients. The ROC subscript denotes the
rate of change and represents changes in each individual’s ankle-brachial index (ABI) and
pulse wave velocity over time (ie, the random effects).
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than ours, which is potentially the result of the presence or
progression of PAD in these populations. Also, these studies
do not quantify the variation in ABIROC across the age
spectrum studied, but instead present age-averaged values.

In exploring the determinants of the longitudinal changes
in ABI with aging, we found that traditional cardiovascular risk
factors such as smoking and diabetes mellitus were not
associated with accelerated decline in ABI at age older than
70 years. Interestingly, former smokers were more likely to
have a more positive change compared with nonsmokers
among those younger than 70 years. These findings are
consistent with prior reports of improved ABI among individ-
uals who stopped smoking.29,30 ABIROC was also independent
of common ABI covariates such as race, height, heart rate,
and mean arterial pressure across the age spectrum.
Therefore, our model suggests a mechanism for longitudinal
ABI decline that is associated with arterial aging, in addition to
the decline associated with PAD. Our findings that the
association between rates of change of PWV and ABI are only
evidenced in participants 70 years and older further advo-
cates that the subclinical decline in ABI in this age group is
associated with the dramatic increase in arterial stiffness
beyond the age of 70 years. Alterations in the earlier stages of
life are likely to be influenced by other changes such as wave
reflection dynamics, which are currently not available for
analysis. Further studies including these parameters will help
elucidate earlier changes in ABI.

The mechanism that links changes in ABI and PWV are not
fully examined in this analysis. However, we believe that one
aspect of this association is related to the physiologic basis of
the normal values of ABI. The higher ankle than brachial
pressures is partially attributed to the greater peripheral pulse
pressure amplification as a result of the relatively greater
peripheral than central arterial stiffness. The increase in aortic
but not peripheral stiffness, which accelerated beyond the age
of 70 years,12 reduces the peripheral-central stiffness gap and
subsequently perhaps reduces the pressure gap, yielding a
reduction in ABI.

Other Confounders
Other studies indicate that height31 and ethnicity31,32 are
factors that contribute to ABI variability. In our study, height
and race were not significantly associated with ABIROC.
However, it is important to note that our study is not powered
to detect differences by race.

Our study showed that initiating hypertension medication
resulted in more negative ABI changes in older individuals;
however, this association did not alter the overall changes
observed with aging. The mechanism by which hypertension
medications change ABI is not clear, although it could
potentially be caused by an alternation in the relationship

between central and peripheral blood pressures.33,34 Our
analysis was not influenced by adjusting for these medica-
tions and their change over the study period.

Limitations
There are important limitations that must be taken into
consideration when interpreting these findings. First, this
cohort is selected to have high education and socioeconomic
status and is relatively healthier than the general population;
hence, rates of change might be smaller than observed in the
community. Nonetheless, we believe this analysis sheds light
on fundamental determinants of ABI changes that are likely
accentuated among people with an increased health burden.
Second, we did not have data on the proximal plaque that
results in increased ABI. However, the low cardiovascular risk
of this population and bilateral changes make such an effect
less likely. Third, our study population has a complex array of
classes, doses, and combinations of antihypertensive medi-
cations that makes analysis of these effects challenging and
beyond the scope of this article. However, in light of the
current study showing that the initiation of hypertension
medication resulted in more negative ABI change in older
individuals, a follow-up study exploring detailed medication
effects on ABI change with aging would be valuable. Fourth,
the data do not explain the rise of ABI at younger age. While
changes in PWV are known to occur later in life, other
hemodynamic alterations such as those associated with wave
reflection dynamics occur earlier and may partially explain the
rise of ABI among younger adults. Further studies are needed
to investigate the association between hemodynamics and
ABI changes in early life. Fifth, this study evaluated cPWV;
however, lower extremity PWV was not available. Prior
research has shown much less age-associated changes in
peripheral PWV measured by carotid-radial PWV.12 While one
can infer that such change would apply to other muscular
arterial beds, such as those of the legs, simultaneous
measures of central and peripheral PWVs with ABI comprise
a potentially valuable future study.

Conclusions
Aging is associated with a longitudinal decline in ABI beyond
the age of 70 years in a healthy population free of clinical
cardiovascular disease. The association is independent of
cardiovascular risk factors and closely associated with
increasing central arterial stiffness with aging. Hence, reduc-
tion in ABI could at least partially represent exaggerated age-
associated hemodynamic changes rather than being exclu-
sively attributed to flow-limiting lesions. Additional studies are
necessary to identify other alterations in arterial properties
that may underlie the subclinical reduction in ABI with aging.
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Supplemental Methods 

Estimating Subject-Specific Rates of Change 

 Linear mixed-effects (LME) models have become a standard statistical model for 

analyzing the repeated-measures data that derives from longitudinal studies.1–3 These models 

handle unbalanced data while including any relevant explanatory variables that need to be taken 

into account. The models contain both fixed- and random-effects. The fixed effects allow for the 

estimation of population average trajectories and rates of change while the inclusion of the 

subject-specific random effects enables the variability in these quantities among subjects to be 

investigated. The estimates of the subject-specific random effects are shrinkage estimators as the 

estimates for each individual “borrow strength” from the other subjects in the study to obtain 

“better” subject-specific estimates resulting in subject-specific estimates that are shrunken 

towards the overall mean. The amount of shrinkage depends on the amount of data for the 

subject and the relative between and within subject error variances. 

 Due to the shrinkage, the subject specific rates of change can appear to have too little 

variability compared to what is expected. On the other hand, if linear regression models are fit to 

each subject’s data individually, there will be too much variability due to the small number of 

observations for each subject. Here we estimate the subject-specific rate of change as a weighted 

average of the LME estimate and the regression estimate.  

First, let the fitted LME model for subject i be �̂�𝑖,𝐿𝑀𝐸 =  �̂�0 + �̂�𝑖0 + (�̂�1 + �̂�𝑖1)𝑇𝑖𝑚𝑒. Then 

the estimated rate of change for subject i is 𝑅𝑎𝑡�̂�𝑖,𝐿𝑀𝐸 =  (�̂�1 +  �̂�𝑖1). Next, let the usual ordinary 

least squares regression model for the data from only subject i be �̂�𝑖,𝑂𝐿𝑆 =  𝜃0 + 𝜃1𝑖𝑇𝑖𝑚𝑒 with rate 



of change for subject i given by 𝑅𝑎𝑡�̂�𝑖,𝑂𝐿𝑆 =  𝜃1𝑖. To combine the two estimates, 𝑅𝑎𝑡�̂�𝑖,𝐿𝑀𝐸 and 

𝑅𝑎𝑡�̂�𝑖,𝑂𝐿𝑆, a weighted average is used.  

 𝑅𝑎𝑡�̂�𝑖,𝐶𝑜𝑚𝑏 =  𝜆𝑖 𝑅𝑎𝑡�̂�𝑖,𝐿𝑀𝐸 + (1 − 𝜆𝑖) 𝑅𝑎𝑡�̂�𝑖,𝑂𝐿𝑆  

where we need to determine the weights, λi. A good choice is to use the reciprocal of the 

variances of each of the two estimates to obtain the weights as this will minimize the variance of 

the resulting weighted average.4 Then the estimate with the smaller variance (SE) will be 

weighted more heavily. That is: 

 𝜆𝑖 =  

1
𝑉𝑎𝑟(𝑅𝑎𝑡�̂�𝑖,𝐿𝑀𝐸)⁄

1
𝑉𝑎𝑟(𝑅𝑎𝑡�̂�𝑖,𝐿𝑀𝐸)⁄ +1

𝑉𝑎𝑟(𝑅𝑎𝑡�̂�𝑖,𝑂𝐿𝑆)⁄
  

where the variances are the squares of the standard errors (SEs) of the estimates discussed above.  

 

  



Table S1. Sex of the study cohort by decade. Number and (%). 

Decade <50 60 70 80 90< Total 

 

Women 85 (17.0) 157 (31.3) 131 (26.1) 101 (20.2) 27 (5.4) 501 

 

Men 65 (13.7) 94 (19.9) 148 (31.3) 127 (26.8) 39 (8.2) 473 

 

Total 150 251 279 228 66 974 

 



Table S2. Linear-mixed effects models predicting left and right ankle-brachial index. 

Variable (Units) 

Left Right 

β P β P 

Intercept 0.9076 <0.0001 0.8835 <0.0001 

     

Initial Age (Year) 0.0077 <0.0001 0.0090 <0.0001 

     

Initial Age X Initial Age -0.0001 <0.0001 -0.0001 <0.0001 

     

Follow Up Time (Year) 0.0073 0.0003 0.0082 <0.0001 

     

Initial Age X Follow Up Time -0.0001 0.0008 -0.0001 <0.0001 

     

Sex (Men) 0.0240 <0.0001 0.0180 <0.0001 

     

Instrument 0.0072 0.0412 0.0023 0.4724 

 



Table S3. Linear mixed-effects model predicting ankle-brachial index and determining 

cross-sectional differences and longitudinal changes by sex including pulse wave velocity as 

an independent variable.  

Variable (Units) β P 

Intercept 0.9098 <0.0001 

   

Initial Age (Year) 0.0082 <0.0001 

   

Initial Age X Initial Age -0.0001 <0.0001 

   

Follow Up Time (Year) 0.0078 <0.0001 

   

Initial Age X Follow Up Time -0.0001 <0.0001 

   

Sex (Men) 0.0232 <0.0001 

   

Instrument 0.0033 0.3058 

   

PWV (m/s) -0.0016 0.0103 

 

Units of m/s are meters per second. 
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