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Background: Slowed gait is an important health indicator in older adults but a single identifiable cause is often lack-
ing. We assessed whether a summary index measuring impairments across multiple physiologic systems was associated 
with slowed gait in older individuals.

Methods: Data from the Cardiovascular Health Study (n = 3,010) were used to assess associations between baseline 
physiologic index (measuring vasculature, brain, kidneys, lungs, and glucose metabolism; range 0–10 with 0–2 points/
system and lower score indicating higher function) and annual gait speed (m/s) over 6 years. Participants with complete 
data on the physiologic index and at least two gait speed measures were included. Mean gait speed and 95% confidence 
intervals (CI) by category of index were calculated using mixed effects models.

Results: Those with scores of three or higher on the index had significantly slower gait speed at baseline compared to 
those with scores of 0–2 (7–10: mean speed = 0.83 m/s, 95% CI: 0.80, 0.84; 0–2: mean speed = 1.01 m/s, 95% CI: 0.99, 
1.03). Those with higher indices also had faster decline in gait speed compared to those with lower scores after adjust-
ment for demographic and health characteristics (7–10: change in speed = −0.020 m/s/year, 95% CI: −0.024, −0.016; 
0–2: change in speed= −0.010 m/s/year, 95% CI: −0.014, −0.006).

Conclusions: Greater impairment across five organ systems was associated with slower gait speed and greater 
declines in gait speed over 6 years. Impairments accumulated over multiple physiologic systems may make older adults 
more vulnerable to slow gait speed.
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SLOWED gait speed is common in older adults and is 
associated with increased risk for disability, cognitive 

impairment, and earlier death (1–3). In some cases, a sin-
gle identifiable cause of gait slowing is evident, but more 
often the underlying cause is unclear. While physical func-
tion can be adversely affected by a number of clinically 
overt diseases, declines in function retain an independent 
association with age (4). Subclinical, asymptomatic, and 
undiagnosed changes to physiologic systems are common 
in older adults and may represent a pathway by which older 
age is associated with gait speed decline independent of 
clinical disease. Older adults may be particularly vulner-
able to functional limitations when deficits occur across 
multiple organ systems (4–8). Multi-system impairments 
are particularly important as many contributors to aging are 
not organ specific and age-related changes in one system 

may accelerate deterioration in other systems (9). A single 
index that captures the full range of subclinical to clinically 
overt disease across several physiologic systems could pro-
vide a more complete measure of the multi-system biologic 
dynamic that may affect gait speed in older age (10). To our 
knowledge, no previous analyses have assessed the associa-
tion of gait speed with a summary index of subclinical and 
clinical disease across multiple systems.

The physiologic index was developed to summarize dis-
ease burden across multiple organ systems, including vas-
culature, lungs, kidneys, brain, and glucose metabolism 
(10). It uses non-invasive tests to capture a wide range of 
disease from subclinical to clinically overt. The physiologic 
index predicts mortality and disability onset independent of 
age and multimorbidity counts and is associated with, but 
distinct from, frailty (10,11). Thus, the physiologic index 
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may be a useful tool to examine the impact of multisystem 
disease on gait speed in older adults.

We used the Cardiovascular Health Study (CHS) to 
assess associations of the physiologic index with gait speed 
over 6 years of follow-up. We hypothesized that individuals 
with higher index scores, indicative of greater multi-system 
disease burden, would have slower gait speed and greater 
declines in gait speed compared to those with lower scores 
and that these associations would be independent of age and 
clinical disease. Further, we hypothesized that the physi-
ologic index would account for a greater proportion of the 
variance between age and gait speed than would a count of 
clinical diseases.

Methods

Study Subjects
Participants were from the CHS, a community-based 

study of 5,888 adults aged 65 years and older in four regions 
of the United States (12). Recruitment from Medicare eli-
gibility lists and age-eligible household members was 
conducted in 1989/1990 and supplemented by minority 
recruitment in 1992/1993. Participants were eligible if they 
did not have cancer under active treatment, were not wheel-
chair- or bedbound, and did not plan to move out of area 
within 3 years (12). Participants (n = 3,010) were included 
in these analyses if they had complete data on components 
of the physiologic index at the 1992/1993 study visit and 
at least two measures of gait speed between the 1992/1993 
and 1998/1999 visit. The 2,878 excluded participants were 
354 who had died before the 1992/1993 visit, 1,918 who 
were ineligible for magnetic resonance imaging (MRI), 307 
missing another component of the index, and 299 missing 
five or more gait speed measures.

Those in the analytic sample were younger (p < .001), 
more likely to be white (p  =  .002), had fewer diagnosed 
health conditions (p < .001), and had lower body mass 
index (p < .001) than the excluded. Comparing those in the 
analytic sample to those who were excluded but had data 
on physiologic or gait measures, those included had higher 
baseline gait speed and better values on all physiologic 
measures (all p < .001).

Physiologic Index
The physiologic index was constructed as previously 

described (10). Atherosclerotic vascular disease defined by 
ultrasound as the mean of maximum left and right inter-
nal carotid artery wall intima-media thickness [IMT (13)]. 
Spirometry using the American Thoracic Society standards 
measured forced vital capacity [FVC (12)]. Fasting glucose 
(14) and cystatin C (15), measuring kidney function, were 
assessed as previously described. Brain MRI was obtained 
on 1.5T scanners by a standard protocol with interpreta-
tion at a central reading center (16). White matter grade 

indicated cerebral small-vessel disease (17). Missing val-
ues at baseline for either cohort were imputed as previously 
described (18). Missing values in 1992–1993 for members 
of the original cohort were replaced with the individual 
mean value from the 1991 to 1992 and 1993 to 1994 visits, 
if available, and if not, prior values were carried forward.

Construction of the index was based on tertiles of the 
five measures, with the best values classified as 0 and the 
worst as 2 (10). Although choice of cut points was arbitrary, 
0 generally represented a healthy, normal value, and values 
of 2 were in the range of individuals with clinically diag-
nosed disease in that organ system. Individual scores were 
summed for a total score ranging from 0 to 10. Cut points 
were: for carotid IMT, 0 (0.60–0.98 mm), 1 (0.98–1.71 mm), 
and 2 (1.71–3.94 mm); for FVC were sex-specific [women: 
0 (2.8–3.8 L), 1 (2.1–2.8 L), 2 (0.6–2.1 L); men: 0 (4.1–
6.5 L), 1 (3.1 to 4.1 L), 2 (0.3–3.1 L)]; for cystatin-C 0 (0.6–
0.92 mg/L), 1 (0.92–1.19 mg/L), 2 (1.19–3.5 mg/L); and for 
white matter grade, 0 (0–1), 1 (2), 2 (3–9) on a 0 to 9 ordinal 
scale. For interpretability, clinical cut points defined by the 
American Diabetes Association were used for fasting glucose 
[0 (<100 mg/dL), 1 (100–126 mg/dL), 2 (>126 mg/dL (19))]. 
Medicated diabetics were included in the highest tertile.

Gait Speed
Yearly assessments of gait speed were conducted over a 

15-foot course at usual walking speed starting from a stand-
ing position. Time to complete the course (in seconds) was 
recorded by stopwatch. The average of two trials was con-
verted to meters/second (m/s).

Clinically Diagnosed Diseases
Presence of arthritis of the lower extremities, kidney 

disease, osteoporosis, and chronic lung disease was self-
reported physician diagnoses. Diabetes, CHD, CHF, and 
stroke were centrally adjudicated as described elsewhere 
(20). Individuals were considered depressed if they had a 
score greater than 10 on a modified Center for Epidemiologic 
Studies Depression Scale [CES-D(21,22)].

Covariates.—Demographic and health characteristics 
known to be associated with gait speed in older adults were 
assessed as potential confounders (Table 1). Age, gender, 
and race were self-reported at baseline. Height and weight 
were measured using standard procedures. Self-rated health 
was reported as excellent, very good, good, fair, or poor and 
was recoded as either good (good to excellent) or poor (fair 
or poor). Smoking status was never, former, or current.

Statistical Analysis
Descriptive statistics were calculated for all covariates 

by categories of the physiologic index using ANOVA or 
chi-square tests as appropriate. Mixed effects models with 
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random slopes and intercepts were used to calculate means 
and 95% confidence intervals (CI) in gait speed and rate of 
decline in gait speed over follow-up by category of the phys-
iologic index. Since rate of change was dependent on time 
of follow-up, time was centered in multivariable models 
to represent the mid-point of follow-up (year 3). Adjusted 
results included the following a priori identified potential 
confounders: age, gender, race, height, weight, and smok-
ing status (never, former, current). Age, height, and weight 
were centered on the mean for the entire sample. Additional 
analyses included presence of each clinical disease either at 
baseline or as time-varying covariates, updated annually: 
diabetes, CHD, CHF, arthritis, stroke, kidney disease, osteo-
porosis, chronic lung disease, and depression. Interactions 
with time were tested for all covariates and significant (p ≤ 
.05) interactions were retained in final models. Additional 
analyses assessed the association of age with gait speed 
adjusted for the index or for a count of nine clinical diseases.

A sensitivity analysis determined whether removal of any 
one system altered the results. Due to differences in scale 
based on number of included systems, these results were ana-
lyzed as a per point change on the scale. A second sensitivity 
analysis substituted the digit symbol substitution test (DSST) 
for MRI results to assess selection bias by MRI eligibility 
(23). All analyses used SAS 9.3 (SAS Institute, Cary, NC).

Results
Participants with higher physiologic index scores were 

older, more likely to be male, and reported worse health 
compared to those with the lowest score (Table  1). They 

also had a higher prevalence of all clinical diseases, except 
osteoporosis (Table 1).

Each component of the index, except glucose, was sig-
nificantly related to gait speed such that those in the second 
and third tertiles were significantly slower at baseline than 
those in the lowest tertile (all p < .04). For glucose, only 
being in the highest tertile was associated with slower gait 
speed at baseline (p < .001). Rate of change in gait speed 
by each component of the index followed a similar pattern 
of associations.

A significant quadratic term for the index as a continu-
ous variable was observed (p = .001), indicating that asso-
ciations between the index and gait speed were non-linear. 
Therefore, further analyses used index categories based on 
approximate quartiles as previously defined (see Table 1 for 
distribution)10. Baseline gait speed was inversely associated 
with physiologic index (p < .001), with those in the lowest 
(best) category having a baseline mean gait speed of 1.01 
m/s (CI: 1.00, 1.03) and those in the highest (worst) cat-
egory having a mean gait speed of 0.83 m/s (CI: 0.81, 0.85; 
Table 1).

In addition to baseline differences, the rate of change in 
gait speed was greater for those in higher categories of the 
index such that gait speed differences increased over time. 
There was a significant race by time interaction, indicating 
that black participants had a faster average decline in gait 
speed (−0.021 m/s/year) compared to white participants 
(−0.019 m/s/year; p =  .02) in fully adjusted models. Rate 
of change in gait speed was also greater with older age (p 
< .001). For simplification, rate of change for white par-
ticipants of average age are shown. By year 3, those in the 

Table 1. Demographic and Health Characteristics of Participants by Category of Physiologic Index: Cardiovascular Health Study 1992/1993

Total Category 1 (healthiest) Category 2 Category 3
Category 4 

(unhealthiest) p-Value

Physiologic index score 0–2 3–4 5–6 7–10
N = 3,010 N = 463 (15.4%) N = 1035 (34.4%) N = 1,008 (33.5%) N = 504 (16.7%)

Age, mean (SD) 74.5 (4.9) 72.0 (3.5) 73.6 (4.2) 75.2 (4.9) 77.2 (5.6) <.001
Female gender, n (%) 1757 (58.4) 326 (70.4) 626 (60.5) 554 (55.0) 251 (49.8) <.001
Black race, n (%) 422 (14.0) 51 (11.0) 128 (12.4) 168 (16.7) 75 (14.9) .007
Poor SRH, n (%) 490 (16.3) 31 (6.7) 135 (13.1) 190 (18.9) 134 (26.6) <.001
BMI, mean (SD) 26.6 (4.4) 25.5 (4.0) 26.3 (4.3) 27.0 (4.4) 27.6 (4.6) <.001
Physical activity (kcal/week), mean (SD) 1531.2 (1765.8) 1830.3 (1858.0) 1610.1 (1706.0) 1493.1 (1838.5) 1170.2 (1582.6) <.001
Smoking status <.001
 Never, n (%) 1369 (46.6) 233 (51.4) 525 (52.0) 429 (43.4) 182 (37.1)
 Former, n (%) 1302 (44.3) 186 (41.1) 406 (40.2) 458 (46.4) 252 (51.4)
 Current, n (%) 270 (9.1) 34 (7.5) 79 (7.8) 101 (10.2) 56 (11.4)
Diabetes, n (%) 292 (9.7) 7 (1.5) 39 (3.8) 116 (11.6) 130 (25.8) <.001
CHD, n (%) 592 (19.7) 49 (10.6) 159 (15.4) 217 (21.5) 167 (33.1) <.001
CHF, n (%) 125 (4.2) 5 (1.1) 25 (2.4) 40 (4.0) 55 (10.9) <.001
Arthritis, n (%) 910 (31.0) 124 (27.3) 310 (30.6) 295 (30.2) 181 (37.0) .009
Osteoporosis, n (%) 269 (9.4) 50 (11.2) 84 (8.5) 93 (9.7) 42 (8.8) .4
Lung disease, n (%) 812 (27.0) 103 (22.3) 283 (27.3) 273 (27.1) 153 (30.4) .04
Kidney disease, n (%) 29 (1.0) 1 (0.2) 7 (0.7) 12 (1.2) 9 (1.8) .05
Stroke, n (%) 133 (4.4) 8 (1.7) 30 (2.9) 45 (4.5) 50 (9.9) <.001
Depression, n (%) 343 (11.4) 44 (9.5) 92 (8.9) 120 (11.9) 87 (17.3) <.001
Gait speed (m/s), mean (SD) 0.92 (0.23) 1.01 (0.22) 0.96 (0.22) 0.89 (0.21) 0.83 (0.23) <.001

Note: BMI = body mass index; CHD = coronary heart disease; CHF = congestive heart failure; SD = standard deviation; SRH = self-rated health.
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best category had a mean gait speed of 1.00 m/s (CI: 0.98, 
1.02) and those in the worst category had a mean gait speed 
of 0.76 m/s (CI: 0.75, 0.78; Table 2). Adjustment for age, 
demographic, and health characteristics attenuated results, 
but associations remained significant (Table  2; Figure  1). 
In fully adjusted models, difference in gait speed at year 
3 between those in the highest and lowest index categories 
(mean difference: −0.13 m/s; CI: −0.15, −0.11) was equiva-
lent to 10 years of age (per year of age = −0.013 m/s; CI: 
−0.014, −0.012). The difference in rate of change in gait 
speed per year of follow-up (−0.010 m/s/year; CI: −0.016, 
−0.005) between these groups was nearly equivalent to an 
additional year of age.

In unadjusted models, age was significantly associated 
with gait speed at year 3 (mean difference/year age = −0.015 
m/s; CI: −0.016, −0.014). The physiologic index attenuated 
the association of age with gait speed by 0.004 m/s (25.9%) 
whereas a count of clinical diseases attenuated the associa-
tion by only 0.001 m/s (8.5%) (Supplementary Appendix 
Table 1).

Sensitivity analyses determined that no system in the 
index was driving the associations with gait speed and that 
selection bias was minimal (not shown).

Discussion
A significant association between higher physiologic 

index and slower gait speed and faster decline in gait speed 
over 6 years was observed in this national cohort of adults 
aged 65  years and older. This association was attenuated 
but not eliminated by adjustment for age, demographic 
factors, health characteristics, and clinical diseases. In 
fully adjusted analyses, the effect on gait speed of being 

in the highest index category compared to the lowest was 
equivalent to 10 years of age. These differences were also 
on the order of previously reported increments indicative of 
increased mortality risk (3).

These results indicate that age-related declines in gait 
speed are more likely to occur when multiple organ systems 
are impaired, and that there may not be one key system that 
is primarily associated with maintaining gait speed (4–8). 
Importantly, the organ systems included in the index were 
chosen as indicators of physiologic aging and not because of 
direct associations with functional outcomes (10); however, 
the associations with gait were robust. Differences were 
present across the full index range, indicating that no one 
system was responsible for the observed results. Further, 
removal of any system did not change the results. In some 
older adults, slow gait has a relatively rapid onset and the 
cause is apparent (eg, hip fracture or stroke). However, in 
the majority of cases, gait slowing develops insidiously 
over time and cannot be attributed to a specific cause (24). 
In these cases, it is likely that gait slowing is due to an accu-
mulation of more subtle impairments across multiple sys-
tems. Previous cross-sectional studies have demonstrated 
that multimorbidity in clinical disease is an important corre-
late of gait speed (6,25). Further, multimorbidity of clinical 
disease is associated with longitudinal declines in compos-
ite physical function measures (4) and presence of multiple 
geriatric syndromes arising from impairments in multiple 
systems are associated with increased risk of disability (7).

These results highlight the importance of subclinical 
and asymptomatic impairments in addition to clinical dis-
ease in relation to physical function in older adults. While 
inclusion of clinical diseases in the model here is likely an 

Table 2. Mixed Effects Models of the Association Between the Physiologic Index and Gait Speed (m/s) at Year 3 of Follow-Up: The 
Cardiovascular Health Study (n = 3,010)

Unadjusted
Adjusted, Without  
Clinical Diseases†

Fully Adjusted, With Baseline 
Clinical Diseases‡

Fully Adjusted, With  
Time-Varying Covariates§

Gait Speed (m/s) 
(95% CI)

Rate of Change in 
Gait Speed (m/s/ 
year) (95% CI)

Gait Speed (m/s) 
(95% CI)

Rate of Change in 
Gait Speed (m/s/ 
year) (95% CI)

Gait Speed (m/s) 
(95% CI)

Rate of Change in 
Gait Speed (m/s/ 
year) (95% CI)

Gait Speed (m/s) 
(95% CI)

Rate of Change in 
Gait Speed (m/s/ 
year) (95% CI)

Physiologic index
 0–2 1.00 −0.008 0.94 −0.013 0.97 −0.013 1.08 −0.010

(0.98, 1.02) (−0.011, −0.005) (0.92, 0.96) (−0.017, −0.010) (0.95, 0.99) (−0.017, −0.009) (1.05, 1.12) (−0.014, −0.006)
 3–4 0.94** −0.015* 0.90** −0.019* 0.94* −0.018* 1.05** −0.014

(0.93, 0.95) (−0.017, −0.012) (0.89, 0.92) (−0.021, −0.016) (0.93, 0.96) (−0.021, −0.016) (1.01, 1.09) (−0.017, −0.012)
 5–6 0.86** −0.020** 0.85** −0.022** 0.89** −0.022** 1.00** −0.017*

(0.85, 0.87) (−0.023, −0.018) (0.83, 0.87) (−0.025, −0.020) (0.87, 0.91) (−0.025, −0.020) (0.96, 1.04) (−0.020, −0.014)
 7–10 0.76** −0.026** 0.79** −0.026** 0.85** −0.027** 0.95** −0.020**

(0.75, 0.78) (−0.029, −0.022) (0.77, 0.81) (−0.030, −0.022) (0.82, 0.87) (−0.031, −0.022) (0.91, 0.99) (−0.024, −0.016)
p for trend <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001

Notes: CI = confidence interval.
Results are shown for the categories of physiologic index. Rate of change in adjusted models represents change for white participants of average age.
**p < .001 and *p < .05 compared to those with physiologic index = 0–2.
†Adjusted for time2, age, age × time, gender, race, race × time, height, weight, and smoking status.
‡Adjusted for time2 and baseline age, age × time, gender, race, race × time, height, weight, smoking status, diabetes, coronary heart disease, congestive heart 

failure, arthritis, stroke, kidney disease, depression, osteoporosis, and chronic lung disease.
§Adjusted for time2 and baseline age, age × time, gender, race, race × time, height, and time-varying weight, smoking status, diabetes, coronary heart disease, 

congestive heart failure, arthritis, stroke, kidney disease, depression, osteoporosis, and chronic lung disease.

http://biomedgerontology.oxfordjournals.org/lookup/suppl/doi:10.1093/gerona/glu176/-/DC1
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over-adjustment, the association between the index and 
gait speed remained even after adjustment. Further, inclu-
sion of time-varying clinical disease attenuated but did 
not eliminate the associations, indicating that subclinical 
impairments are not simply impacting gait speed through 
an increased risk for development of clinical disease over 
time. Subclinical impairments in each of the organ systems 
assessed here have been shown to have negative impacts 
on gait speed and physical function in healthy older adults 
(26–30), but have not previously been assessed together.

The physiologic index may be a biomarker of aging (10); 
this is supported by the relatively strong attenuation of the 
age-gait speed association by the index compared to clinical 
diseases. In adjusted analyses, the effect on gait speed of 
being in the highest category of the index compared to the 
lowest was equivalent to 10 years of age. Ultimately, slow 
gait may represent a pathway by which high scores on the 
index increases risk for mobility limitations and disability 
(10,23).

Several limitations should be noted. First, all compo-
nents of the physiologic index were measured only at the 
1992/1993 visit; therefore, we were unable to assess gait 
speed related to changes in the index over time. Gait speed 
may have slowed in the more healthy individuals due to new 
onset of physiologic impairment. Improvements in index 
scores could also have occurred among those with initially 
high scores. Biases would not have occurred if the physio-
logic impairments increased at a comparable rate over time 
across all levels of baseline index scores. However, due to 
ceiling effects in those with the highest baseline indices, we 
may have underestimated the associations of the index with 
gait speed by not updating the index over time. Second, a 
large number of individuals were excluded due to missing 
data on either the index or gait speed during follow-up. This 
resulted in a younger, healthier sample for these analyses 
and may have reduced generalizability. However, the full 
range of physiologic index scores were observed in the ana-
lytic sample, suggesting that individuals with an adequate 
distribution of health and functioning were retained.

This study had several strengths. The physiologic index 
provides a measure of impairment in multiple organ systems 
without relying on self-reported or clinically diagnosed dis-
ease. Gait speed, an objective measure of physical function, 
was measured at multiple time points over a 6 year follow-
up allowing for assessment of long-term trends.

These results provide further evidence that multi-sys-
tem impairments can adversely affect physical function 
in older adults and extend this evidence beyond clinically 
manifest disease. Gait speed has been suggested as an indi-
cator of underlying physiologic health in older adults and 
routine monitoring has been recommended (3,31). Older 
adults with impairments in multiple physiologic systems 
may need to be more closely monitored for slowing gait in 
order to prevent consequences such as mobility limitations 
and disability. Further, these results indicate that adjust-
ment for overt clinical disease alone in studies of adverse 
outcomes related to slow gait speed may be insufficient as 
they do not capture more subtle impairments. Future stud-
ies should assess whether improvements in physiologic 
measures can slow or even reverse age-associated declines 
in gait speed.
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Supplementary material can be found at: http://biomedgerontology.
oxfordjournals.org/
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Figure  1. Predicted a gait speed (m/s) with 95% confidence limits by 
physiologic index (PI) category over 6 years: the Cardiovascular Health Study 
(n=3010) for participants of average age and (A) white or (B) black race. aAd-
justed for time2 and baseline gender, height, and time-varying weight, smok-
ing status, diabetes, coronary heart disease, congestive heart failure, arthritis, 
stroke, kidney disease, depression, osteoporosis, and chronic lung disease.
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