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Abstract

Background—In older adults, there is often substantial undiagnosed chronic disease detectable on
noninvasive testing, not accounted for by most comorbidity indices. We developed a simple
physiologic index of comorbidity by scoring five noninvasive tests across the full range of values.
We examined the predictive validity of this index for mortality and disability.

Methods—There were 2928 (mean age 74.5 years, 60% women, 85% white, and 15% black)
participants in the Cardiovascular Health Study (1992-1993) who had carotid ultrasound, pulmonary
function testing, brain magnetic resonance scan, serum cystatin-C, and fasting glucose. These were
combined into a single physiologic index of comorbid chronic disease on a scale of 0-10. Cox
proportional hazard models were used to predict mortality, mobility limitation, and activities of daily
living (ADL) difficulty after a maximum of 9 years.

Results—The range of the physiologic index was quite broad, with very few individuals having
total scores of either 0 or 10. Those with an index of 7-10 had a hazard ratio of 3.80 (95% confidence
interval, 2.82-5.13) for mortality compared to those with scores of 0-2, after adjustment for
demographics, behavioral risk factors, and clinically diagnosed conditions. Associations with
mobility limitation and ADL difficulty were also significant. The index explained about 40% of the
age effect on mortality risk.

Conclusion—Older adults with low levels of markers of chronic disease are rather rare but have
remarkably good health outcomes. The ability of such an index to distinguish usual from low risk
might provide an opportunity to better understand optimal health in old age.
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In older adults, chronic health conditions are quite common and are heterogeneous in patterns
of co-occurrence, duration, and severity (1). Indices of comorbid conditions have been
developed to account for overall disease burden when examining correlates and outcomes of
an index condition. For example, differences in mortality in patients with coronary artery
disease are largely explained by the extent of other concomitant morbid health conditions (2).
Many investigators have successfully used simple counts of the number of common chronic
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conditions to summarize comorbidity (3,4). The Charlson Index is a more detailed method that
is notable for accounting for severity as well as number of conditions (4).

Most comorbidity indices are based on medical records, claims data (5), or self-report of a
physician diagnosis of disease, and thus represent clinically recognized comorbidity. It is well
known that, with advancing age, the prevalence of many common chronic diseases increases
markedly (3). Less well recognized is that chronic disease is often quite extensive well before
clinical diagnosis is made. In community-dwelling older adults who do not report disease, the
extent of subclinical disease can be substantial (6-9). Several epidemiologic studies have
incorporated noninvasive tests of disease to better quantify early pathology. For a number of
measures, such as vascular ultrasound, pulmonary function testing, and kidney function testing,
the extent of measurable disease in older adults has been shown to range from extremely low
levels to very high levels that can be as high as or higher than levels found in clinically
diagnosed patient populations (10-12). Although the term “subclinical” is often used to
describe this chronic disease pathology, it can be asymptomatic, presymptomatic, atypically
symptomatic, or simply undiagnosed. Regardless of the reason for a lack of clinical diagnosis,
such disease would not be counted in most clinical comorbidity indices. Because these
noninvasive tests detect such a wide range of disease in the “undiagnosed,” it is possible that
comorbidity assessment could be extended with noninvasive testing to further distinguish a
very high versus very low level of disease in a more continuous fashion than can be done by
using clinical diagnosis.

In the Cardiovascular Health Study (CHS), several of the most common chronic conditions
were assessed using noninvasive testing. Using these data, we developed a simple physiologic
index of comorbidity by scoring these tests across the full range of values. We examined the
predictive validity of this index for mortality as well as for disability. We hypothesized that
such an index might be a better determinant of risk than a clinical comorbidity index and would
better identify those at medium to low risk. We also examined whether a composite index of
these assessments might explain part of the contribution of age itself to risk.

The CHS is an ongoing observational cohort study of cardiovascular risk in 5888 men and
women from four regions of the United States (13). The cohort was 65 years old or older at
enrollment in 1989-1990 and was supplemented with added minority recruitment in 1992—
1993. Participants and eligible household members were identified from a random sample of
Medicare enrollees at each field center. To be eligible, participants were 65 years old or older,
did not have cancer under active treatment, could not be wheelchair- or bed-bound in the home,
and did not plan to move out of the area within 3 years. We used data from the 1992-1993
examination to include all of the minority participants and to include the brain magnetic
resonance imaging (MRI) scan conducted at that time. Of 3660 individuals with a brain MRI
scan, a total of 2928 men and women had a clinical examination with complete data for the
other major components used in the analysis.

Physiologic Index of Comorbidity

The clinical examination conducted in 1992-1993 included cardiovascular and pulmonary
function tests, blood tests for kidney function and glucose tolerance, and a brain MRI. The
choice of tests used in the analysis was based on previous reports that each is individually an
important predictor of mortality (13,18), and that each represents a major, common age-related
chronic disease. Additional tests available in the CHS were considered, but were not assessed
at this same time point (bone density, e.g.). Others were nonspecific risk factors for mortality
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(such as C-reactive protein or interleukin-6), that is, they were not measures of chronic disease.
Preliminary analyses confirmed that each was an independent predictor of mortality in the
CHS. All noninvasive tests had been obtained and examined independently and were not used
to diagnose or confirm clinical conditions.

Carotid ultrasound was obtained in the left and right internal and common carotid arteries to
assess near and far wall thicknesses and Doppler flow. The mean of the maximum of the internal
carotid artery was used in this analysis to represent the extent of atherosclerotic vascular disease
(14). Spirometry, including forced vital capacity (FVC) and forced expiratory volume in one
second (FEV1), was conducted using a water-sealed Collins Survey Il spirometer (WE Collins,
Braintree, MA) according to the standards of the American Thoracic Society (13). Fasting
glucose levels were measured on a Kodak Ektachem 700 Analyzer (Ektachem Test
Methodologies, Eastman Kodak, Rochester, NY) and assayed within 30 days. Average monthly
coefficient of variation was 0.93% (15). Kidney function was assessed using a BNII
nephelometer (Dade Behring Inc., Deerfield, IL) that used a particle-enhanced
immunonephelometric assay (N Latex Cystatin-C) (16). Brain MRI was assessed on General
Electric or Picker 1.5-T scanners at three field centers and on a 0.35-T Toshiba instrument at
the fourth. The scanning protocol included a series of axial spin density, T1- and T,-weighted
scans. Standardized sagittal T1-weighted spin-echo images, axial spin density/T,-weighted and
T,1-weighted images were acquired, and scanned data were interpreted at a central MRI Reading
Center by a neurologist trained in a standardized protocol (17). The white matter grade score
was used to indicate small-vessel vascular disease in the brain (18).

To construct the physiologic index of comorbidity, each of the five measures was divided into
three groups with the best values classified as 0 and the worst as 2. Individual scores were
summed for a total score ranging from 0 to 10. Tertile cut points for FVC on pulmonary function
testing were sex-specific. (Women: 0=2.6-3.8L,1=2.2-26L,2=0.6-2.2L; Men: 0=3.9-
6.5L,1=3.2-3.9,2=0.3-3.2 L). For the carotid wall thickness, tertile cut points were scored
as 0=0.60-1.06 mm, 1 =1.06-1.53 mm, 2 = 1.53-3.94 mm. Similarly, tertile cut points were
used for cystatin-C, scored as 0 = 0.6-1.0 mg/dL, 1 = 1.0-1.1 mg/dL, 2 = 1.1-3.5 mg/dL. For
white matter grade, tertile cut points were scored as 0 = 0-1 units, 1 = 2 units, 2 = 3-9 units
on the 0-9 ordinal scale. Fasting glucose was the only measure not classified by tertile.
Although results were similar, for clinical interpretation, this presentation uses cut points
classified according to clinical cut points defined by the American Diabetes Association (0 =
<100, 1 = 100-126, 2 = >126) (19). Although the choice of cut points was arbitrary, the best
score of “0” was generally found to represent a healthy, young normal value, and values of “2”
were in the range of individuals with diagnosed chronic disease. Of note, the Spearman
correlations between each pair of individual measures were low (all between 0 and 0.15),
although most of these correlations were statistically significant. Alternative combinatorial
techniques, such as principal components analysis, did not reveal any useful groupings of these
variables.

Demographic, Behavioral Health, and Clinical Disease Variables

Other variables included age, sex, and race (black, white, or other), which were ascertained by
self-report. Physical activity (20), smoking (21), and physical function (22) were assessed by
standardized interview. Blood pressure, height, and weight were assessed by standardized
protocols. Body mass index (BMI) was calculated as kilograms per meter squared. Clinically
diagnosed pulmonary disease, diabetes, kidney disease, and arthritis were assessed by self-
report of physician diagnosis. Depression was defined on the basis of a score > 10 on a modified
10-item Center for Epidemiologic Studies Short Depression Scale (CES-D) score (23,24).
Reports of cardiovascular disease and stroke were confirmed by review of medications and
medical records. Using this information, a clinical comorbidity count was constructed for each
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person with amaximum of 7 for these chronic health conditions: cardiovascular disease, stroke,
pulmonary disease, diabetes, kidney disease, arthritis, and depression.

Total mortality, incident mobility disability, and incident disability for activities of daily living
(ADL) were the primary outcomes. For the disability outcomes, individuals with disability at
the time of the noninvasive testing were excluded, resulting in a sample size of 2376 for
mobility disability and 2700 for ADL disability outcome. Total and cause-specific mortality,
cardiovascular events, and self-reported disability were assessed every 6 months via telephone
interview alternating with clinic interview. Death was confirmed with death certificate,
obituaries, proxy interview, review of hospital records, and a search of Medicare records.
Mortality follow-up was virtually complete. Self-reported physical functioning was assessed
by standard interview. Incident disability was defined as new onset of difficulty walking 1/2;
mile (mobility limitation) and also by the new onset of difficulty with any one of six ADLSs
(25). Maximum follow-up was up to 9 years after the 1992-1993 examination.

Crude event rates per person-year were calculated, and hazard ratios using Cox proportional
hazards models were estimated for each point of the physiologic index treated as a continuous
variable, as well as by groupings of the physiologic index score (0-3, 4-5, 6-7, 8-10). Time
to event or censor in the Cox models was calculated from the date of the 1992-1993 clinical
examination. Models were first examined without adjustment for other factors, then with
adjustment, first for age, sex, and race, then with multivariate adjustment for behavioral risk
factors (smoking, physical activity, BMI) and either the clinical comorbidity index or for each
individual chronic health condition. Interactions between the physiologic index and age, sex,
and race were assessed; none were significant. Proportional hazards assumptions were
confirmed for all models. The Schwartz Bayesian Criterion, which penalizes overfitting, was
used as a measure of goodness of fit when comparing models (26). The integrated average of
areas under time-dependent receiver operating characteristic curves was used to compare the
predictive accuracy of different survival models (27,28). All analyses were conducted using
SAS version 8.0 (Cary, NC).

The 2928 participants’ mean age was 74.5 years (Table 1). There were 1691 (57.7%) women
and 423 (14.4%) blacks. BMI was similar in men and women, whereas smoking was more
common in men, and they reported more physical activity. Prevalence of most chronic health
conditions varied, with depression, chronic obstructive pulmonary disease, and arthritis
reported more often by women, and vascular disease and diabetes reported more often by men.
Mean values for the physiologic index were somewhat lower for women than for men, whereas
the number of chronic conditions was slightly higher in women.

The distribution of the physiologic index was compared to that of a comorbidity count (Figure
1). The range of the physiologic index was quite broad. Very few individuals had total scores
of either 0 or 10, although there was a slight skewing toward better (lower) values. The
comorbidity count was also skewed toward lower values, showing little discrimination at the
low end of disease.

Figure 2 shows crude mortality rates for each index. The crude mortality rates were highest in
those with the highest physiologic index of comorbidity, but were also very high for those with
a comorbidity count of >5. Of note, the mortality rate at the low end of the physiologic index
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was extremely low. Across this full range, the crude risk gradient was 20-fold higher for a score
of 10 compared to a score of 0.

Hazard ratios were calculated for total mortality, incident mobility limitation, and incident
ADL difficulty (Table 2). Risk ratios were expressed for each unit of the physiologic index
and also for grouping of the index into approximate quartiles. Without adjustment, each unit
of the physiologic index was associated with a 12%-27% higher risk of all of these adverse
outcomes. This was somewhat attenuated but not fully explained by age adjustment and by full
adjustment for other risk factors. In an alternate analysis, based on approximate quartiles of
the score with smaller groups at the extremes collapsed, individuals with scores of 7-10 had a
relative risk for mortality that was more than 6-fold higher than those with scores of 0-2. In
all models, the physiologic index remained a strong and independent predictor of all of these
outcomes. Figure 3, a—c, illustrates these differences in risk in survival curves for mortality,
incident mobility limitation, and incident ADL disability. In all cases, there is a clear separation
of risk throughout the follow-up period.

To further evaluate relative predictive value of the physiologic index for mortality, we
compared a model with age alone to another with the physiologic index alone and compared
these to two additional models, one with age, sex, race, and the physiologic index and another
where all variables including the components of the index, risk factors, and chronic health
conditions were entered individually. Models were compared using the area under the curve
(AUC). Age alone carried substantial predictive power with AUC = 0.673. The index alone
performed somewhat better than age alone with AUC =0.706. Adjustment for age, sex, and
race increased the AUC to 0.726. Additional adjustment for behavioral risk factors and clinical
comorbidity increased the AUC only a little further to 0.735. In the Cox proportional hazards
models for mortality, the physiologic index could be shown to attenuate the coefficient for age
by about 40%. Figure 4 illustrates the much larger attenuation of age by the physiologic index
compared to the comorbidity count. Thus, the index itself discriminated mortality risk very
well, but did not fully explain the effect of age on mortality risk. As a single factor, the
physiologic index predicted mortality slightly better than did age itself.

Discussion

This simple method of summarizing five noninvasive tests of chronic disease into a more
continuous physiologic index of comorbidity provided very powerful discrimination of risk
for mortality and disability from very, very low risk to extremely high risk in this community-
dwelling cohort of older adults. A simple comorbidity count was also very effective for
identifying individuals at high absolute risk, but did not discriminate among individuals at low
risk.

Noninvasive tests have several advantages over clinical diagnosis in defining disease burden.
The extent of disease can be assessed at the middle to low range of disease, thus providing
further discrimination within the pre- or subclinical range of disease. Testing can reduce
variability that may occur with clinical diagnosis threshold. For example, there are known
variations in diagnostic threshold related to age, sex, race, and socioeconomic status (29-31).
Furthermore, such methods can provide more continuous rather than dichotomous or ordinal
scales of severity. Disadvantages include the cost of testing and interpretation of the results.
Increasingly, however, such testing is becoming more automated and miniaturized.

This index was developed to summarize comorbidity at the organ level, parallel to the World
Health Organization’s International Classification of Functioning Health and Disease (32). In
our framework, we did not include nonspecific age-related abnormalities or the function at the
person level as part of comorbidity. We would hypothesize that age-related changes in
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hormones and inflammation may well be strongly related to subclinical disease burden and
that this in turn will also be linked to physical function and frailty (33-35).

A similar, but broader nosology was recently proposed as a framework for developing
comorbidity indices and called for research that would develop and refine such an index. Such
indices have many potential uses in clinical care and clinical research in older adults, including
risk assessment, prognosis, evaluation of treatment effects, communication about disease
burden, and evaluation of the role of comorbidity in observational studies and in clinical trials.
Additional research is needed to determine whether other aspects of physiologic assessment
improve prediction of outcomes or are more efficient in certain settings (36,37).

It is noteworthy that the physiologic index predicted mortality and disability better than age
itself and substantially attenuated the effect of age on mortality risk. The ability of a factor or
factors to explain the strong age effect on risk has been held forth as one potential criterion for
defining a biomarker of aging (38). In that sense, the burden of subclinical chronic disease
could be considered to be a biomarker of aging.

Strengths of this study include the unique data on multiple systems that were obtained in the
CHS along with the detailed outcomes ascertainment. However, it is important to note that
there are limitations to be considered. First, there was attrition of participants so that those with
all five measurements would represent a healthier subset of participants in the study.
Additionally, because the examinations were developed primarily to assess cardiovascular
disease, the choice of measures was limited to those already available. Finally, the tests were
examined at only one point in time and do not incorporate rate of change and treatment effects,
which may also be important to risk.

These findings illustrate the large burden of disease that exists in older populations. The
spectrum of disease by testing was quite broad and extremely heterogeneous. Older adults who
have very minimal disease by this combination of tests were rather rare. Their low mortality
rates validate this group as an important exceptional survival cohort. Such individuals may
have unique life histories or perhaps genetic characteristics that predispose them to longevity
and protection from age-related chronic disease, providing an opportunity to better understand
optimal health in old age.
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Figure 1.

Distribution of physiologic index of comorbidity versus comorbidity count in 2928
Cardiovascular Health Study participants, 1992-1993. (Lower scores indicate less disease
burden for both measures.)
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a, Survival curves according to physiologic index of comorbidity, grouped by 0-3, 4-5, 6-7,
8-10. b, Mobility limitation according to physiologic index of comorbidity, grouped by 0-3,
4-5, 6-7, 8-10. ¢, Incident activities of daily living (ADL) difficulty according to physiologic

index of comorbidity, grouped by 0-3, 4-5, 67, 8-10.
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Figure 4.

a, Association of age with mortality (i) unadjusted, (ii) adjusted for physiologic index of
comorbidity, and (iii) adjusted for age, sex, race, and physiologic index of comorbidity. b,
Association of age with mortality (i) unadjusted, (ii) adjusted for comorbidity count, and (iii)

adjusted for age, sex, race, and comorbidity count.
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Table 1
Characteristics of Study Participants: The Cardiovascular Health Study, 1992-
1993 Examination

Characteristics Men (N = 1237) Women (N = 1691) Total (N =2928) p
Demographics
Age, y, mean (SD) 75.0 (5.0) 74.2 (4.8) 74.5 (4.9) <.001
Race
White, n (%) 1071 (86.6) 1420 (84.0) 2491 (85.1) .138
Black, n (%) 160 (12.9) 263 (15.6) 423 (14.5)
Others, n (%) 6(0.5) 8(0.5) 14 (0.5)
Behavioral risk factors
Body mass index, kg/m2 mean (SD) 26.4 (3.6) 26.8 (5.0) 26.6 (4.4) .018
Smoking status
Current, n (%) 114 (9.2) 154 (9.1) 268 (9.2) <.001
Past, n (%) 743 (60.1) 568 (33.6) 1311 (44.8)
Never, n (%) 380 (30.7) 969 (57.3) 1349 (46.1)
Physical activity, kcal/wk, mean (SD) 1850.4 (2002.8) 1295.1 (1541.8) 1529.3 (1772.2) <.001
Chronic health conditions
Coronary heart disease, n (%) 341 (27.6) 284 (16.8) 625 (21.4) <.001
Cerebrovascular disease, n (%) 105 (8.5) 75 (4.4) 180 (6.2) <.001
Diabetes, n (%) 207 (16.7) 190 (11.2) 397 (13.6) <.001
Chronic obstructive lung disease, n 259 (20.9) 536 (31.7) 795 (27.2) <.001
(%)
Kidney disease, n (%) 11 (0.9) 20(1.2) 31(1.1) 443
Arthritis, n (%) 451 (36.5) 936 (55.4) 1387 (47.4) <.001
Depression (CES-D > 10), n (%) 135 (10.9) 275 (16.3) 410 (14.0) <.001
No. of chronic health conditions, 0— 1.2(1.1) 14(1.1) 1.3(1.1) <.001
7, mean (SD)
Physiologic index, 0-10, mean (SD) 51(2.1) 5.7(2.1) 55(2.1) <.001

*
Notes: Chi-square or t test p value.

SD = standard deviation; CES-D = Center for Epidemiologic Studies Short Depression Scale.
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Table 2
Hazard Ratios for Mortality, Incident Mobility Limitation and Incident ADL
Difficulty by Physiologic Index of Comorbidity (0-10)

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Outcomes Events per HR (95% CI) HR (95% CI) Age, Sex, HR (95% Cl)
1000 Person- Unadjusted Race Multivariate
Years

Mortality (N = 2928)
HR per unit of Index

0-2 (referent)

3-4

5-6

7-10
Mobility limitation (N = 2376)
HR per unit of Index

0-2 (referent)

3-4

5-6

7-10
ADL difficulty (N = 2700)
HR per unit of Index

0-2 (referent)

3-4

5-6

7-10

13.3
23.5
41.8
78.8

51.1
78.2
109.0
159.6

49.8
73.4
92.0
123.5

1.37 (1.32-1.42)
1.00

1.78 (1.33-2.40)

3.26 (2.46-4.32)

6.54 (4.95-8.65)

1.21 (1.17-1.25)
1.00

1.55 (1.26-1.91)

2.17 (1.76-2.66)

3.31 (2.66-4.11)

1.16 (1.12-1.19)
1.00

1.49 (1.22-1.83)

1.87 (1.52-2.29)

2.58 (2.08-3.20)

1.28 (1.24-1.33)
1.00

1.55 (1.16-2.09)

2.46 (1.85-3.27)

4.28 (3.21-5.72)

1.19 (1.15-1.23)
1.00

1.49 (1.21-1.84)

2.10 (1.63-2.48)

2.92 (2.33-3.68)

1.14 (1.11-1.78)
1.00
1.45 (1.18-1.78)

1.73 (1.40-2.13)
2.32 (1.85-2.90)

1.26 (1.21-1.31)
1.00

1.50 (1.11-2.02)

2.27 (1.70-3.03)

3.80 (2.82-5.13)

1.11 (1.07-1.15)
1.00

1.31 (1.07-1.62)

1.52 (1.23-1.89)

1.93 (1.52-2.45)

1.06 (1.03-1.10)
1.00
1.29 (1.05-1.59)

1.37 (1.11-1.69)
1.48 (1.17-1.88)

*
Notes: Adjusted for age, sex, race, physical activity, smoking, body mass index, and clinical comorbidity index.

ADL = activities of daily living; HR = hazard ratio; CI = confidence interval.
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