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Abstract

Our objective was to determine if increased cardiovascular (CV) stiffness is associated with
disability in middle-aged and older adults at risk for congestive heart failure. CV stiffness (brachial
pulse pressure/left ventricular stroke volume indexed to body surface area) and total disability (the
summed assessment of activities of daily living, mobility, and instrumental activities of daily living)
were measured in 445 individuals. A subset of 109 randomly selected individuals also underwent
physical function testing. Total disability was associated with CV stiffness (p = .01), driven by
an association with mobility (p = .005), but not activities of daily living (p = .13) or instrumental
activities of daily living (p = .61). After accounting for age, these correlations remained significant
for men (p = .04), but not for women. CV stiffness was also associated with increased 400-m walk
time (p = .02). In middle-aged and elderly men at risk for congestive heart failure, CV stiffness is
associated with decreased mobility and physical function, and increased overall disability.
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Physical disability reduces quality of life, increases health care costs
(due to increased need for support services), and is an independ-
ent predictor of mortality (1,2). Mobility and activities of daily liv-
ing are necessary for maintaining basic independent functioning in
middle-aged and older individuals (3). Therapy targeted to attenuate
the factors that promote disability could improve quality of life and
prognosis in older individuals. Such therapy could provide a mortal-
ity benefit, as it has been shown in the elderly individual that all
levels of physical activity are associated with lower risk of incident
acute myocardial infarction, stroke, and cardiovascular (CV) mor-
tality (4).

Previously, it has been shown that abnormally increased cardiac
and aortic stiffness is independently associated with reduced peak
exercise capacity in elderly individuals with and without left ven-
tricular (LV) systolic dysfunction and congestive heart failure (CHF)
(5-10). We hypothesized that similar to exercise capacity, increased
CV stiffness would be associated with increased disability in middle-
aged and elderly individuals at risk for their first episode of symp-
tomatic CHE To test this hypothesis, we noninvasively assessed CV
stiffness (using CV magnetic resonance or CMR) and disability.
Additionally, in a randomly selected subgroup of individuals, we for-
mally measured physical function.
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Methods

Study Population and Design

The study was approved by the institutional review board of the
Wake Forest School of Medicine, and each participant provided wit-
nessed informed consent. A total of 445 consecutive participants from
the National Institutes of Health—funded cohort study, “Pulmonary
Edema and Stiffness of the Vascular System” (PREDICT) were
enrolled. PREDICT was designed to identify abnormalities of the
CV system that forecast the first onset of symptomatic heart fail-
ure. To accomplish this purpose, middle-aged and elderly individuals
(aged 55-85 years) with risk factors for CHF were recruited from
rural western North Carolina to undergo a collection of historical,
physical exam, laboratory, and CMR data. Each component of the
data acquisition was accomplished by personnel blinded to other
components of the study. Hypertension, diabetes, or coronary artery
disease (CAD), risk factors for the first onset of symptomatic heart
failure were identified and recorded. For the purpose of this study,
hypertension was defined according to the Seventh Report of the
Joint National Committee on Prevention, Detection, Evaluation,
and Treatment of High Blood Pressure (JNC VII) as a systolic blood
pressure of greater than or equal to 140mm Hg, a diastolic blood
pressure greater than or equal to 90mm Hg, or the concurrent use
of antihypertensive medications (11). Diabetes was defined, accord-
ing to guidelines of the American Diabetic Association, as a random
plasma glucose concentration greater than or equal to 200 mg/dL
(11.1 mmol/L), fasting plasma glucose level of greater than or equal
to 126mg/dL (7.0 mmol/L), or concurrent receipt of antiglycemic
treatment (12). CAD was defined in accordance with American
College of Cardiology/American Heart Association guidelines (13).

The study excluded those not suitable for CMR testing due to
any of the following: (a) pacemakers, defibrillators, functioning
neural stimulator devices, or other implanted electronic devices,
(b) ferromagnetic cerebral aneurysm clips, or other intraorbital and
intracranial metal, (c) an allergy to gadolinium or other severe drug
allergies, (d) acute myocardial infarction within 4 months, (e) mod-
erate or severe valvular stenosis or regurgitation, (f) claustropho-
bia, (g) closed angle glaucoma, (h) participants unable to provide
informed consent, (i) renal dialysis (subjects with eGFR <60 mL/
min were eligible but did not receive gadolinium), (j) those with a LV
ejection fraction less than 25%, (k) those with FEV1 less than 0.5,
or (I) those with chronic obstructive pulmonary disease receiving
home oxygen and/or a nebulizer. Additionally, those with anteced-
ent diagnosis of CHE as defined according to American College of
Cardiology/American Heart Association guidelines, were excluded
from this study (14).

Anthropometric measurements including weight and height were
performed in loose clothing without shoes. Laboratory assessments
including fasting serum electrolytes, creatinine, glucose, lipids, and
C-reactive protein were acquired, and then, each participant under-
went a CMR exam. During the CMR exam, images were acquired
to determine LV volumes and CV stiffness. On the same day as the
CMR study, participants completed the Pepper Assessment Tool for
Disability (PAT-D) questionnaire (15), and a randomly selected sub-
set of 109 participants underwent formal physical function testing.

CMR Assessment of CV Stiffness

Each patient was imaged on an Avanto 1.5T (Siemens Medical
Solutions, Malvern, PA) whole-body imaging system utilizing a
phased-array cardiac surface coil placed on the chest. Multislice
steady-state free precession images with a temporal resolution of

40ms were acquired and used to calculate LV volumes according
to Simpson’s rule formula (16). These slices were 8-mm thick with a
2-mm gap and were positioned perpendicular to the long axis of the
ventricle, spanning base to apex. Image parameters were as follows:
256 x 192 matrix, a 38-cm field of view, a 35-degree flip angle, a 14-
ms repetition time, and a 6.7-ms echo time. Brachial pulse pressure
was acquired during image acquisition (Invivo Monitoring Systems,
Gainesville, FL). According to previously published techniques (17—
19), CV stiffness was calculated as brachial pulse pressure divided by
the LV stroke volume indexed to body surface area (PP/LVSV)) (20).

Pulse Wave Velocity

A subset of 390 individuals underwent measurement of pulse wave
velocity as another index of arterial stiffness. Pulse wave velocity
was not obtained in all patients because access to the technology to
measure this was not available until after the study protocol was ini-
tiated. All images were analyzed according to previously published
techniques (9,21,22) and were transferred to a processing work sta-
tion where the boundary of the aortic lumen was defined on the
magnitude image of the reference scan by manually tracing a region
of interest. To precisely trace the boundary of the flow lumen, each
image was magnified by 400%-800% (21,22).

Relative Wall Thickness

Relative wall thickness (RWT) was measured for each participant
using the formula septal wall thickness + posterior wall thickness
divided by LV diastolic diameter. This formula is recommended

when septal asymmetry (intraventricular septum thickness/posterior
wall thickness [IVST/PWT] > 1.3) is present (23).

PAT-D Questionnaire

The PAT-D (15), a 19-item self-report disability questionnaire that
was developed and refined at the Wake Forest University Claude
D. Pepper Older Americans Independence Center, was implemented
to assess difficulty with daily function in society (24-27). The PAT-D
has been widely used in randomized controlled trials and observa-
tional studies in a variety of chronic health conditions (15). In addi-
tion to being a valid measure with excellent psychometric properties,
in previous intervention studies, it has been shown to be sensitive
to change (15). The PAT-D assesses the following three standard
domains of function and disability: (a) ADL, such as eating, toilet-
ing, and bathing; (b) mobility, such as walking several blocks; and (c)
instrumental activities of daily living (IADL), such as answering the
telephone and paying bills. The questionnaire asks respondents how
much difficulty they have had with a range of activities in the past
month and if they believe any perceived difficulties were related to
their health. For each item, respondents answer whether they (a) have
no difficulty, (b) have a little difficulty, (c) have some difficulty, (d)
have a lot of difficulty, (e) are unable to do, or a box can be checked
that reads “usually did not do for other reasons.” Independent scores
for ADL, mobility, and IADL were obtained by averaging the scale
score of the questions pertaining particularly to those subsets. A sum-
mary score, an indication of a person’s overall perceived disability,
was calculated as a scaled mean of all 19 questions.

Physical FunctionTesting

The following physical function tests were completed by a subset of
109 randomly selected study participants. Due to funding, roughly
25% of the participants were randomly selected to participate in the
performance measures of physical function.
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1. Gait speed: Each participant completed two, timed 4-m walk
tests, and the time to complete each trial was measured to the
nearest 0.01 second using a stopwatch. Gait speed was calculated
by dividing 4 m by the time in seconds of the shorter of the two
trials (28-30).

2. Isometric leg strength: Isometric strength was measured in New-
ton-meters (torque) for hip flexion, hip extension, knee flexion,
and knee extension by using strain gauges connected to a com-
puterized data-collecting unit (31). The highest recorded meas-
urement during the last 3 seconds of effort was used in analyses.
During measurement, the knee extension angle was 120 degrees
and the knee flexion angle was 135 degrees. The hip flexion and
extension angles were approximately 90 degrees. Each partici-
pant completed two trials for each leg, and the average of all four
trials was used for statistical analysis.

3. Leg extensor power: Power was measured in watts with a Not-
tingham Power Rig (32). The seated participant pressed a foot-
plate as hard and fast as possible. Seat position was adjusted so
that the knee angle at the start of the push was 90 degrees. The
measurement was repeated for at least five efforts for each leg
until no further improvements were seen. Verbal encouragement
and visual feedback were given, and the best power output for
each leg was recorded. The average of all 10 trials was used for
statistical analysis.

4. 400-m walk time: Participants were asked to walk 400 m at
their usual pace without any assistive devices and without over-
exerting themselves, as described by Roland and colleagues
(33). During the walk, participants were allowed to rest if they
needed by standing in one place without sitting. They were
instructed to resume walking as soon as they were able to do
so. If they were unable to continue after a 60-second rest stop
or if they needed to sit down, the test was discontinued. There
were no limits to the number of allowable rest stops, as long
as the participant could complete the walk within 15 minutes
without sitting. The test was discontinued after 15 minutes, a
time that corresponds to a slow walking speed (0.45 m/s), and
that translates into a walking capacity that has little utility in
daily life (34).

We chose the previously mentioned physical function tests because
they are descriptors of mobility and quantify physical performance
and decline over time. Gait speed is one of three tests that make
up the Short Physical Performance Battery, which is a well-studied
universal standard for measuring physical function (26). The 400-
m usual-pace walk test was implemented because, compared with
other commonly used walk tests such as the 6-minute walk, the
400-m usual-pace walk test assesses disability as opposed to exer-
cise tolerance (33). Leg extensor power has been shown to strongly
mediate the variance in gait speed in nursing home residents, and
in community-dwelling elderly individuals, it is a strong independ-
ent predictor of performance-based measures of physical function
(34-38). Finally, reductions in muscle strength have long been iden-
tified as important factors leading to limitations in mobility and are
associated with reduced gait speed (39-41). For this reason, isomet-
ric leg strength was measured. Additionally, it has been shown that
isometric and isokinetic measurements of muscle strength strongly
correlate in various patient populations (42,43).

Statistical Analysis
Categorized data were summarized by percentages. Comparison
of proportions between groups was tested for significance using

the Fisher exact test. Continuous data were presented as mean =
standard deviation, and intergroup comparisons were performed
using Student’s ¢ test. Measurements from the LV volumes were
used to determine CV stiffness (PP/LVSV,) as described previously.
In all patients, associations between PP/LVSV, or pulse wave veloc-
ity (PWV) and overall PAT-D score, ADL score, mobility score, and
TADL score were estimated and tested using Spearman’s rank cor-
relations. The estimate of group effect was made after controlling
for age, then stratifying by gender. In the subset of 109 randomly
selected individuals who underwent physical function testing, asso-
ciations between PP/LVSV, and physical function test score for gait
speed, isometric leg strength, and leg extensor power were estimated
and tested using Spearman’s rank correlations. Again, the estimate
of group effect was made after controlling for age, then stratifying
by gender. Mediation analysis was conducted using linear regression.
Additionally, PAT-D data were stratified by tertile of CV stiffness
to show trends, and a p-value was calculated testing the continu-
ous linear trend with CV stiffness as well as ordinal trend test com-
paring the means in the first and third tertile. Physical performance
testing (PPT) data were also stratified by tertile of CV stiffness to
show trends, and a p-value was calculated using the continuous cor-
relation between the continuous measure of CV stiffness and the
continuous measure of disability. The statistical comparisons were
two tailed, and p values less than .05 were considered statistically
significant.

Results

Demographic data of the study participants are shown in Table 1.
Men and women exhibited similar age, body mass index, and medi-
cation use, and had similar prevalence of diabetes mellitus, hyper-
tension, and dyslipidemia. More women were black than men
(p =.001). CAD and smoking were more prevalent among the men
(p <.001 and p = .02, respectively). Mean resting systolic blood pres-
sure was similar in men and women; however, mean resting diastolic
blood pressure was higher in men (p = .001), and mean heart rate
was higher in women (p = .003).

LV and CV stiffness data are shown in Table 2. LV volumes and
mass were higher in men, except for resting LV stroke volume index,
which was similar in men and women. Women had a higher LV ejec-
tion fraction (p < .001), resting pulse pressure (p = .003), and CV
stiffness (p = .01).

Mean overall PAT-D score and mean score for ADL, mobility,
and IADL are also shown in Table 2. Women exhibited a higher
mean overall score reflective of greater disability relative to men
(p = .002). Women also possessed higher mobility scores relative to
men (p < .001). There was no difference between men and women
with regard to their ADL or IADL scores. Table 2 also displays mean
PPT scores in men and women. Consistent with the disability ques-
tionnaire-derived data, women were generally more disabled than
men. Men had greater leg extensor power and isometric strength
(both p < .001), a faster walk speed (p = .02), and a shorter walk
time (p = .04) than women.

Figure 1 illustrates overall PAT-D score, ADL score, mobility
score, and IADL score divided by tertile of CV stiffness in all sub-
jects, and then separately for men and women. Pairwise comparisons
between the tertiles were calculated. In all subjects, there was a non-
significant trend between increased CV stiffness and overall PAT-D
score (p = .063; Figure 1A). When subdivided by domain, this rela-
tionship was observed with mobility (p = .016; Figure 1C), but not
ADL or IADL. Figure 1A also illustrates a significant increase in
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Table 1. Baseline Characteristics of PREDICT Participants

All (n = 445) Men (n =213) Women (7 = 232) p-Value
Demographics
Age (y) 698 69:8 69:8 1.00
55-64 129 (36%) 7 (36%) 5(32%) 0.42
65-74 126 (35%) 8 (32%) 3 (40%) 0.08
75+ 106 (30%) 8 (32%) 4 (36%) 0.35
Race
Caucasian 293 (79%) 182 (85%) 71 (74%) 0.002
Black 70 (19%) 25 (12%) 6 (24%) 0.001
Hispanic 5 (1%) 2(0.9%) 4(2%) 0.69
Other 4(1%) 4(1.9%) 1(0.4% 0.20
Body mass index (kg/m?) 30«6 30=5 31«7 1.00
Historical data
Coronary artery disease 121 (27%) 3(39%) 8 (16%) <0.001
Diabetes mellitus 172 (39%) 6 (40%) 6 (37%) 0.50
Hypertension 408 (92%) 191 (90%) 217 (94%) 0.17
Dyslipidemia 230 (52%) 107 (50%) 123 (53%) 0.57
Smoker 196 (44%) 106 (50%) 0(39%) 0.02
Selected medications
B-Blocker 182 (41%) 7 (41%) 5 (41%) 1.00
Calcium-channel blocker ]25 (28%) 2 (29%) 3(27%) 0.67
Nitrate 4 (5%) 1(5%) 3(6%) 1.00
ACE inhibitor/ARB 318 (71%) 150 (70%) 168 (72%) 0.67
Statin 339 (76%) 164 (77%) 175 (75%) 0.74
Resting SBP, mm Hg 14118 141=16 142+19 0.55
Resting DBP, mm Hg 79=13 8112 77«13 0.001
Resting heart rate, bpm 6511 6310 66=11 0.003

Note: Values are expressed as mean = standard deviation or percent (%). ACE = angiotensin-converting enzyme; ARB = angiotensin receptor blocker; bpm = beats
per minute; DBP = diastolic blood pressure; PREDICT = Pulmonary Edema and Stiffness of the Vascular System; SBP = systolic blood pressure.

Table 2. Cardiac Magnetic Resonance, Pepper AssessmentTool for Disability, and Physical Function Testing Data

All Subjects (n = 445) Men (n = 213) Women (1 = 232) p-Value (men vs women)
Resting EF (%) 63+8 61=x8 66+7 <0.001
Resting pulse pressure (mm Hg) 62=17 59+14 64=18 0.003
LV mass 133+35 152+39 115+24 <0.001
Resting EDV 120+35 13131 110+35 <0.001
Resting ESV 45+19 52+19 37+15 <0.001
Resting SV 75+19 80=+20 7118 <0.001
LV mass index 6713 73«14 62=11 <0.001
Resting EDV index 61=15 6314 59=+16 0.01
Resting ESV index 23+9 25«10 208 <0.001
Resting SV index 38+9 38+9 38+9 1.00
Resting PP/SV index 1.69+0.55 1.62+0.51 1.75+0.58 0.01
Overall PAT-D 1.53+0.59 1.44+0.57 1.61+0.60 0.001
ADL 1.35+0.50 1.31+0.51 1.39+0.49 0.09
Mobility 1.85+0.91 1.63+0.79 2.05+0.96 <0.001
IADL 1.41+0.66 1.39+0.67 1.43+0.64 0.52
Subgroup Analysis (7 = 109) Men (n = 48) Women (7 = 61)
Leg extensor power (watts) 7642 98+43 59+32 <0.001
Leg isometric strength (Newton-meter) 7630 9628 6021 <0.001
Gait speed (m/s) 1.1+0.2 1.1+0.2 1.0+0.2 0.02
400-m walk time (s) 388=+81 366=85 40383 0.02

Note: Values are expressed as mean = standard deviation. ADL = activities of daily living; EDV = end-diastolic volume; EF = ejection fraction; ESV = end-systolic
volume; IADL = instrumental activities of daily living; LV = left ventricular; PAT-D = Pepper Assessment Tool for Disability; SV = stroke volume.

overall PAT-D score in men with increasing CV stiffness (p = .006),
but not in women. A similar trend was found in men with regard to
mobility score and increasing CV stiffness (p = .0026; Figure 1C),
but not in women. There were no significant trends between ADL
score and CV stiffness in men or women (Figure 1B). There was no

significant trend between IADL score and CV stiffness in women,
but there was a trend in men (p = .021; Figure 1D).

Similar analysis was completed for the 109 randomly selected
individuals who underwent physical function testing and is shown in
Table 3. p-Values illustrate a trend between continuous CV stiffness
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Figure 1. Pepper AssessmentTool for Disability (PAT-D) data by tertile of cardiovascular (CV) stiffness in all subjects, men, and women. (A) CV stiffness vs overall
PAT-D score. A trend is seen in all subjects (p =.063), and a significant trend is seen in men (p =.006). (B) CV stiffness vs ADL score. No significant trends were
identified. (C) CV stiffness vs mobility score. A significant trend between increasing CV stiffness and mobility score was seen in all subjects (p=.016) and in men
(p=.0026), but not in women. (D) CV stiffness vs IADL. A significant trend was seen in men (p =.021), but not in women.

and the disability measure. There was an increasing trend between
CV stiffness and gait speed, and 400-m walk time in all individu-
als (p = .011 and p = .002, respectively). When stratified by gender,
this relationship remained significant in men (p = .044 and p = .002,
respectively), but not in women (p = .28 and p = .30, respectively).
Further adjusted analysis is shown in Table 4. After accounting
for age, there was a trend toward a correlation between CV stiffness
and total overall PAT-D score (p = .10), whereas the correlation with
the PAT-D mobility score remained significant (p = .04). After strati-
fying by gender, the correlation between CV stiffness and overall
PAT-D score was significant in men (rho = 0.138, p = .04), but not in
women (rho = -0.037, p = .58; Figure 1A). The correlation between
CV stiffness and mobility score was also significant for men (rho =
0.134, p = .05), but not for women (rho = -0.004, p = .95; Table 4).
There was no significant correlation between CV stiffness and either
ADL or IADL score in either men or women, even after account-
ing for age. After accounting for CAD, dyslipidemia, diabetes mel-
litus, and smoking history, a strong trend between CV stiffness and
mobility score remained (p = .06-.10), and the percent mediation
for these three variables combined was only 26 %. After accounting
for age, CV stiffness trended toward an association with walk speed

(p = .08) and was associated with the 400-m walk time (p = .02;
Table 3). After stratifying for gender, this correlation was present in
men (p =.03), but not in women (p = .53).

In the subset of 390 patients undergoing PWV measures, there
were nonsignificant trends between PWV and overall PAT-D score
(rho = 0.096, p = .058) and between PWV and mobility score
(rho = 0.084, p = .097).

The mean RWT for the entire population was 0.43+0.22 cm.
The mean RWT for men was 0.45+0.16 cm, and the mean RWT for
women was 0.41x0.26 cm. The mean LV mass index (g/m?) for the
entire population was 66 = 13. The mean LV mass index (g/m?) was
72 =14 for the men and 6110 for the women. Using Spearman’s
rank correlation, there was no significant association between RWT
and any of the disability measures (p = .25-.88) in either men or
women. From this data, it does not appear that concentric remod-
eling contributes to disability in either men or women.

Discussion

The results of this study indicate that in middle-aged and elderly
patients at risk for but yet to experience symptomatic heart failure:
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Table 3. Pepper Assessment Tool for Disability Data and Physical Function Testing Data by Tertile of Cardiovascular Stiffness (all = 109,

men =48, and women = 61)

First Tertile Second Tertile Third Tertile p-Value*
Leg extensor power (watts) All 90«51 76+36 6936 0.27
Men 112+38 99+38 92+45 0.12
‘Women 55+39 59+31 5925 0.65
Leg isometric strength (Newton-meter) All 8528 76+31 70=31 0.15
Men 95+27 95+27 98+31 0.71
‘Women 6725 57«17 5620 0.080
Gait speed (m/s) All 1.12+0.18 1.06+0.18 1.03+0.18 0.011
Men 1.16+0.18 1.14+0.17 1.06+0.21 0.044
‘Women 1.05+0.19 1.03+0.18 1.00+0.14 0.28
400-m walk time (s) All 356+70 337+88 40388 0.002
Men 339=+58 370+149 399299 0.002
‘Women 38674 396+84 40676 0.30

Notes: Values are expressed as mean = standard deviation.

*Trend test between continuous cardiovascular stiffness and disability measure.

Table 4. Correlations and Partial Correlations Between Cardiac Stiffness and Self-reported and Measured Physical Function: the PREDICT

Study
PP/SV.
All Subjects (n = 445) Men (n =213) Women (7 = 232)
Adjusted for age
Total overall 0.078 0.138 -0.037
p=0.10 p=0.04 p=0.58
Total ADL 0.032 0.059 -0.034
p=0.50 p=0.39 p=0.61
Total mobility 0.096 0.134 -0.004
p=0.04 p=0.05 p=0.95
Total IADL -0.001 0.064 -0.107
p=0.86 p=03s p=0.10
Adjusted for age Subgroup Analysis (7 = 109) Men (n = 48) Women (1 = 61)
Leg extensor power (watts) -0.083 -0.071 0.059
p=0.39 p=0.63 p=0.65
Isometric leg strength (Newton-meter) -0.121 0.120 -0.152
p=021 p =029 p=0.24
4-m gait speed (m/s) -0.173 -0.157 -0.085
p=0.08 p=0.29 p=0.53
400-m walk time (s) 0.227 0.322 0.094
p=0.02 p=0.03 p=0.53

Note: Correlations are Spearman’s nonparametric rank correlations. ADL = activities of daily living; IADL = instrumental activities of daily living; PAT-D = Pep-

per Assessment Tool for Disability; PREDICT = Pulmonary Edema and Stiffness of the Vascular System.

(a) resting CV stiffness is higher in women than men; (b) CV stiff-
ness is associated with increased overall disability as measured by
PAT-D score (this association persists after accounting for age in men
but not in women, and is driven by an association with decreased
mobility as opposed to disability associated with ADL or IADL); (c)
CV stiffness is associated with increased walk time (this association
persists after accounting for age in men but not in women); and (d)
in men, the relationship between CV stiffness and disability is only
partially accounted for by traditional risk factors.

Several demographic features of the study participants includ-
ing body mass index, medical history, and CV medication use were
similar to those found in other studies evaluating middle-aged and
older adults both at risk for or with a diagnosis of compensated
CHEF (5,44-48). There were, however, some differences in our popu-
lation of 445 individuals relative to these other previously studied
populations. Our study included a higher percentage of women

aged 65 years and older, with more of these women being of black
race. In addition, the majority of our study population (92%) was
hypertensive.

The resting CV stiffness and mobility scores identified in the
participants in this study are similar to those reported previously
in other populations of elderly individuals (44,45). With regard to
cardiac metrics, women exhibited a higher LV ejection fraction (p
<.001) and CV stiffness (p = .01). Similar to other studies (33,48),
men had lower overall and mobility PAT-D scores (p = .001, p <
.001) and higher physical function testing scores (range: p = .02 to p
<.001), indicative of less disability and increased strength, compared
with women.

Many authors have shown that both CV and aortic stiffness
increase with age (34,49-51), and several studies have shown that
independent of this age-related change, increased vascular stiffness
is associated with reduced exercise capacity (5-9). An association
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between CV stiffness and gait speed has been shown in individu-
als with peripheral arterial disease (52). Additionally, an association
has been shown between pulse pressure and long-distance gait speed
in individuals with known poor functional performance and seden-
tary lifestyle (53). We hypothesized that a similar relationship could
exist between CV stiffness and disability in elderly individuals at risk
for but yet to develop heart failure. We found a positive relation-
ship between increasing CV stiffness and overall PAT-D score. This
association was driven largely by an inverse association between CV
stiffness and mobility, as there was no association of CV stiffness
with ADL or IADL score.

After adjusting for age and stratifying by gender, a significant
correlation was found between increasing CV stiffness and mobil-
ity score in men (p = .05), but not in women. Similar findings were
observed in the randomly selected subset of individuals who under-
went physical function testing. In all subjects independent of age,
walk speed decreased (p = .08) and walk time increased (p = .02) as
CV stiffness increased. These data suggest that CV stiffness may play
a role in the pathogenesis of disability in men.

In our regression model, we included other variables that previ-
ously have been shown to contribute to CV stiffness. In these analy-
ses, only 25% of the relationship between disability and CV stiffness
could be accounted for by the combined effects of CAD, dyslipi-
demia, diabetes mellitus, and smoking history. These results suggest
that other nontraditional variables, which affect CV stiffness, may
play a larger role in the relationship between CV stiffness and dis-
ability in men.

In this study, we wanted to explore the relationship between CV
stiffness and physical function, or functional limitation, rather than
exercise capacity. Because of this we utilized validated measures of
disability, such as the Short Physical Performance Battery, isometric
leg strength, leg extensor power, and 400-m usual walk pace. We did
not intend to make an association between CV stiffness and either
aerobic or anaerobic exercise capacity. We found the association
between CV stiffness and disability was related to mobility function,
not ADL or IADL. The nature of our study does not prove a causal
relationship or allow for delineation of the mechanism by which an
increase in CV stiffness results in increased disability. Further studies
are required to address this issue.

The resting average CV stiffness was higher in women (p = .03),
and there are several factors that could account for this. First, a
smaller body height has been associated with early return of reflected
waves to the central aorta in systole rather than diastole (54), which
causes a decrease in pulse wave amplification, exemplified by an
increase in pulse pressure (55). Further attenuation in pulse pres-
sure amplification has also been shown in postmenopausal women
(12,56). This again would increase our measured brachial pulse
pressure, and thus impact our measure of CV stiffness. Despite this
increase in resting CV stiffness in women, we found no significant
correlation between CV stiffness and disability in women. This sug-
gests factors other than CV stiffness, such as alteration in musculo-
skeletal function, may contribute to disability in women, and further
studies are needed to determine what these may be.

Persons aged 65 years and older represent the second fastest
growing segment of the U.S. population (57). Limitations in mobil-
ity affect almost 25% of individuals aged 65 years or older and 75%
of those living in nursing homes (58,59). Physical disability reduces
quality of life, increases health care costs and is an independent pre-
dictor of mortality (1,2). Additionally, fall, and injuries due to falls,
often leads to fear and consequent limitation of activity, which can
start a vicious cycle of inactivity-related disability (60). Mobility is

necessary for maintaining basic independent functioning in middle-
aged and older individuals (3). Our analysis suggests CV stiffness is
associated with poor mobility in elderly men at risk for CHF, and
increased CV stiffness in the young old may be a risk factor for inci-
dent disability. Identifying potentially treatable predictors of func-
tional decline is important to assist in designing preventive strategies
to help maintain function in late life, as preventing disability and
maintaining independence throughout later life is an important pub-
lic health goal (61,62).

There were limitations to our study. First, this analysis was cross-
sectional, and therefore, we could not assess causality. Second, the
subjective nature of questionnaire-derived data may exhibit reduced
precision. To minimize this, we chose to use the PAT-D questionnaire,
which was shown to have strong internal consistency as well as test-
retest reliability, and correlates with objective physical function testing
(15). Third, only a subset of randomly selected individuals underwent
formal physical function testing. Despite this, we were able to discern
a correlation between increased CV stiffness and some of the physical
function measures. Finally, VO, during max exercise was not meas-
ured, as our focus was on disability. However, collecting this measure
would provide further insight into peripheral versus central limitations.

In conclusion, in a group of middle-aged and elderly subjects at
high risk for but yet to experience symptomatic heart failure, we found
that CV stiffness correlated with functional status in men independent
of age. Further studies are needed to understand the mechanism by
which increases in CV stiffness are associated with or promote disabil-
ity in men. In women, resting CV stiffness is elevated relative to men of
similar age, but this elevation was not associated with disability, sug-
gesting other factors promote the pathogenesis of disability in women.
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