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Abstract

Background—Disease burden does not account fully for functional status, morbidity, or
mortality. Older adults with extensive disease but relative vigor (adapters) may have protective
factors which mitigate the consequences of disease, while greater frailty relative to disease may
indicate lack of adaptation. Our goal was to ascertain if adapters compress morbidity. If this was
observed, it may suggest adapters harbor protective factors, which could subsequently be
identified and translated to promote healthy aging.

Design, Setting, Participants—Cardiovascular Health Study, a prospective, community-
based cohort study of adults =65 years old in four US cities
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Measurements—Participants were categorized into 3 groups by extent of disease, assessed
non-invasively, and vigor/frailty: expected agers (N=3528, extent of disease similar to vigor/frailty
— reference group), adapters (N=882, higher disease with relative vigor), and premature frail
(N=855, lower disease with relative frailty) and compared on years of able life (YAL), years of
self-reported healthy life (YHL), and mortality using multivariable regression and survival
analysis.

Results—After adjustment, adapted agers had 0.97 (95% CI 0.60, 1.33) more YAL and 0.54
(0.19, 0.90) more YHL than expected agers, and the premature frail had -0.99 (-1.36, —0.62) less
YAL and -0.53 (-0.89, -0.17) less YHL compared to expected agers. Compared to expected
agers, adapters had 0.9 years more and prematurely frail had 1.5 years less total life (P<0.001).
Adapters and prematurely frail spent 55% and 37% of their remaining life able and healthy,
compared to 47% of expected agers (P<0.001).

Conclusions—Despite similar levels of disease burden, older adults who were relatively
vigorous appeared to compress morbidity and live longer. Older adults with higher frailty
lengthened morbidity and had greater mortality. Adaptive factors may compress morbidity and
decrease mortality.

Keywords

Adaptation; function; morbidity; frailty; longevity

INTRODUCTION

As individuals age or develop disease in different organs, they also tend to develop frailty.
Individuals whose level of vigor/frailty tracks with their extent of disease may be termed
“expected agers.” In contrast, some individuals with marked organ system impairment do
not exhibit frailty — the consequence of organ dysfunction is blunted, physiologically
compensated, or clinically unapparent. These individuals may be called “adapted agers.”
Still others with lower disease burden but higher than expected frailty may be characterized
as “prematurely frail.” We theorize that older adults with organ system impairment but
retained vigor (adapted agers) may have intrinsic protective factors that mitigate the
consequences of organ system impairment, showing adaptation to accumulated, intrinsic
damage. If these adaptive factors could be identified, they may serve as novel points of
intervention to increase active life expectancy even in the setting of high disease burden.

Identifying modifiable factors that can reduce the duration of morbidity as a fraction of
remaining life, i.e., compress morbidity, is a prime goal of clinical medicine and aging
research.1:2 We hypothesized that, compared to expected agers, adapted agers compress
morbidity and have reduced mortality rates. If adapters demonstrate this pattern, it may
support further study of their unique factors that promote morbidity compression.

J Am Geriatr Soc. Author manuscript; available in PMC 2017 June 01.
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METHODS
Study Population

The Cardiovascular Health Study (CHS) is an ongoing community-based study of
cardiovascular risk in 5888 men and women over the age of 65 years, from four regions of
the United States, now with support for the study of longevity and healthy aging
outcomes.3# The cohort was enrolled in 1989-1990 and was supplemented with added
minority recruitment in 1992-1993. Participants and eligible household members were
identified from Medicare eligibility lists. To be eligible, participants were >65 years old, did
not have cancer under active treatment, could not be wheelchair- or bed-bound in the home,
did not need a proxy, and did not plan to move out of the area within 3 years. We used data
from the 1992-1993 examination (N=5265) to include all of the minority participants and to
align years of follow-up for both cohorts. The CHS is approved by the institutional review
boards of all participating institutions.

Measuring Extent of Disease

Clinical disease included available measures of cardiovascular disease (CVD), cancer,
chronic obstructive pulmonary disease (COPD), dementia, diabetes, arthritis, osteoporosis,
depression, kidney disease, and diseases of the eye. The CHS confirmed the presence of
cardiovascular disease at study entry, and adjudicated incident CVD events during follow-up
as previously reported.® Ascertainment of non-CVD illness relied on self-report,

medications data, an ancillary study of dementia, and/or hospitalization data. We specifically
did not use available subclinical measures of disease such as cognitive function tests or
glucose in order to allow for exploration of the impact of subclinical disease on the
associations of aging groups with outcomes.

Coronary heart disease (CHD) was defined as angina, myocardial infarction, bypass surgery,
or angioplasty. Other cardiovascular diseases included claudication, congestive heart failure
(CHF), and stroke. COPD included chronic bronchitis, emphysema, or asthma, self-reported
as current and confirmed by a doctor at baseline, or hospitalized between baseline and the
1992-93 visit (original cohort only) with an ICD-9 code of 491, 492, or 493 in any position.
Participants under active treatment for cancer were excluded from study entry.
Ascertainment of cancer other than non-melanoma skin cancer was based on self-report or
hospitalization for cancer between baseline and year 5 for the original cohort. Diabetes,
clinical depression and Parkinson’s disease were based on medication use, ascertained by a
medication inventory at each clinic visit.®> Kidney disease, arthritis, osteoporosis, and
diseases of the eye (glaucoma or retinal problems) were ascertained by self-report. Dementia
was defined only on participants who were in the CHS Memory Ancillary study, N=3660.5
Participants who had an MRI from 1991-1994 were included in the Memory study and
evaluated for prevalent dementia at the time of the MRI and for incident dementia through
1999. In this analysis, participants were classified with dementia if they were adjudicated to
have prevalent dementia at the time of the MRI and the MRI date was before or within 1
year after the date of the 1992-93 visit. Because participants needed to be able to answer all
study questionnaires, including cognitive tests, without a proxy as a criterion for study entry,
participants for whom dementia was not evaluated were classified as non-demented, with the
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recognized limitation that some misclassification occurred. Finally, we included self-
reported health (excellent, very good, good, fair, or poor) and number of medications as a
way of capturing severity of illness or other diseases. Missing self-report and medication
values were filled in as much as possible from available data in prior years and otherwise set
to 0 if missing.

Measuring Vigor/Frailty: The Scale of Aging Vigor in Epidemiology (SAVE)—
The SAVE is a rescaled version of the widely employed CHS frailty scale developed by
Fried et al, using the same components as the original scale (weakness, slowness,
unintentional weight loss, exhaustion, low energy).”:8 Because of its ceiling effect, the
original 5-point CHS frailty scale is not able to identify vigorous older adults with little
frailty, which is critical for identifying the adapted aging group.8 To remove the ceiling
effect and achieve greater differentiation of vigor, we considered tertiles of each component.
The best tertile received a score of 0, the middle tertile a score of 1, and the worst tertile a
score of 2. Adding the five component scores created the new vigor/frailty scale from 0
(most vigorous) to 10 (frailest) (Supplementary Text Online).

Weight change in the past year was measured using self-report of weight loss. Physical
activity was based on the Modified Minnesota Leisure Time Activities questionnaire and
involved self-report of performing any of 18 activities in the prior week, along with the
frequency and duration of these activities. Kilocalories of energy expended in a week on
leisure time activity were calculated. Motor performance was assessed by gait speed for
crossing a 15 ft (4.5 m) length at usual pace by a trained examiner according to a
standardized protocol. Strength was assessed using isometric hand grip strength
dynamometry. Two items from the Center for Epidemiologic Studies Short Depression Scale
(CES-D) were used to characterize exhaustion. These were (1) “I felt that everything | do is
an effort” and (2) “I cannot get going.”

Years of Able Life, Years of Healthy Life, and Mortality—Outcomes representing
physical function and overall health were based on participant self-report at semi-annual
contacts over a maximum of 20 years. Our questions were, “Do you have any difficulty with
[activity]?” annually until 1999, and semi-annually from 2005-06 to the present time.
Between 2000 and 2005, the question was asked semi-annually and was phrased, “Has there
been a change in your ability to [activity]?” with follow-up questions about the nature of the
change, e.g., more or less difficulty. Years of able life (YAL) was calculated as the number
of years the participant did not report any difficulty with activities of daily living (ADL).°
Years of healthy life (YHL) was calculated as the number of years the participant reported
good or better health on a scale of Excellent/Very Good/Good/Fair/Poor.19 Years of healthy
and able life (YHAL) was calculated as the number of years the participant was in good
health and had no ADL difficulty. Methods for imputing missing values have been
previously reported.11 Deaths were ascertained through participant surveillance that has
occurred every six months from study inception. Confirmation of deaths was conducted
through reviews of obituaries, medical records, death certificates, the Center for Medicare
Studies health care utilization database, and the National Death Index. Contacts and proxies
were also interviewed for participants unavailable for follow-up. Ascertainment of mortality
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in CHS is 100% and in this analysis includes 20 years of follow-up. Years of Life (YOL)
was also calculated as the number of visit years in which the participant was alive in order to
use the same granularity of data for YOL as for YAL, YHL, and YHAL. The proportion of
able, healthy, and healthy and able years was calculated as the number of able, healthy, and
healthy and able years divided by YOL.

Potential Confounders

Age, sex, race, education, income, marital status, smoking status, and alcohol consumption
were determined by self-report.# Weight and height were measured with standard protocols
and used to calculate body mass index (BMI) in kg/m?2. Similarly, waist circumference and
blood pressure were measured using standard protocols.# Depressive symptoms were
defined as a score >7 on a modified 10-item Center for Epidemiologic Studies Short
Depression Scale (CES-D) test after removing the two CES-D questions included in the
SAVE scale.12:13 Cognitive function was measured with the Digit Symbol Substitution Test
(DSST).14 Social network size was measured using the Lubben Social Network Score.1®

Fasting blood samples were collected at the 1992-93 exam using standardized protocols and
quality assurance.*18 Glucose, insulin, albumin, cholesterol, white blood cell count,
hemoglobin, and hematocrit were measured using standard clinical methods. C-reactive
protein (CRP) was assessed with a high-sensitivity enzyme-linked immunosorbent assay
(interassay CV 5.5%). Coagulation factor values were reported as a percentage of normal
plasma pool, and standardization was performed by assaying reference plasma from the
World Health Organization. The mean monthly CV for the factor VII assay was 5.3%.
Plasma fibrinogen was measured using a semiautomated modified clot-rate method (mean
monthly CV 3.1%). Adiponectin was measured with an enzyme-linked immunosorbent
assay; intra- and inter-assay CVs were 2.5-4.7% and 5.8-6.9%, respectively.

Pulmonary function tests were conducted in 1989-90 for the original CHS cohort and 1993—
94 for both cohorts, and the average of the two measurements was used for original cohort
participants. Spirometry was conducted according to the standards of the American Thoracic
Society.* 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
wall thickness of the internal carotid artery was used to represent the extent of vascular
disease.1” Fasting glucose was assessed as described previously.18 Cystatin-C, a serum
marker of glomerular filtration rate, was assessed using a BNII nephelometer that used a
particle-enhanced immunonephelometric assay.1® Brain MRI was obtained according to a
standard scanning protocol and read using a semiquantitative atlas-based scale at a central
MRI Reading Center.11

Statistical Analysis

Linear regression was used to estimate the SAVE score from the clinical diseases, age, age?,
age3, race and sex. Residuals from the regression were used to define 3 aging groups based
on values less than, within, or above one standard deviation (1.85) of the residuals.
Participants whose observed SAVE index was >1.85 points higher than their regression
estimated index were considered prematurely frail, and participants whose observed SAVE
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index was lower than their expected by more than 1.85 points were classified as adapted
agers, and those whose SAVE index was within 1 standard deviation of expected constituted
the expected agers.

Associations of the resulting groups with participant characteristics were determined by Chi-
Square tests for categorical variables and by the Kruskal-Wallis test for continuous
measures. Linear regression was used to estimate YOL, YHL, YAL, YHAL, and their
proportions for the premature frail and adapted aging groups compared to the expected aging
group. Covariates were entered in several stages, beginning with adjustment for
demographic variables. At each stage, covariates were retained if statistically significant or if
the estimated regression coefficient for the group variable changed by 10% or more.
Successive stages of adjustment included lifestyle factors of smoking, alcohol consumption,
and body size; social network score; biomarkers; subclinical disease measures of internal
carotid wall thickness, fasting glucose and the Digit Symbol Substitution Test (DSST) score,
followed by subclinical disease measures available on a reduced sample, namely FVC,
Cystatin-C, and white matter grade from MRI. Interactions of group with C-reactive protein
and DSST were specified a prioriand were tested by forming cross-product terms to test if
inflammation or cognitive processing specifically might be involved in adaptation. Cox
regression was used to determine the hazard ratio of mortality associated with the premature
frail and adapted aging groups compared to the expected aging group. The proportional
hazards assumption was tested with Schoenfeld residuals. Participants were followed until
the minimum of time to death or 20 years. Missing covariate values were carried forward
from a prior visit, if possible, or imputed at baseline as previously described.2 White matter
grade, FVC, and Cystatin-C were not imputed due to substantial numbers missing and
exclusion criteria for the MRI, the fact that F\VC was not measured at baseline for the second
cohort and required survival to be ascertained, and Cystatin-C was measured from stored
bloods later in the study and specimen availability was impacted by disease status.
Differences in proportion of deaths due to a specific cause were assessed with the Chi-
Square test. A two-sided alpha of p<0.05 was used to determine statistical significance. All
analyses were done with STATA, version 12.

RESULTS

Clinical disease and demographics explained 30% of the variability in the SAVE index, with
self-reported health and demographics accounting for 25% of the total variability. Table 1
shows the prevalence of the diseases in the cohort and the regression coefficients from the
model of the SAVE index. Eye disease, COPD, CHD, and male sex were the only factors
that were not statistically significant in the full model.

There were 3528 expected agers (67.0%), 882 adapters (16.8%), and 855 premature frail
(16.2%). The mean (SD) age of the cohort was 75.1 (5.5) years and 58.9% were women
(Table 2). Due to the inclusion of demographics in the regression model, there were no
differences across aging groups by age, sex, or race. Compared to expected agers, adapted
agers were less likely to be current smokers and to report depressive symptoms, and had less
subclinical disease (Table 2). Premature frail adults had less education and income, were
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more likely to be current smokers and alcohol abstainers, had higher BMI and CRP, were
more likely to report depressive symptoms, and had more subclinical disease.

Table 3 depicts the crude mortality rate, YOL, YAL, YHL, YHAL, and proportion of
remaining life able or healthy classified by the aging groups. Despite controlling for age,
sex, and clinical disease prior to defining the groups, there were significant differences in all
measures across the groups. Prematurely frail participants had, on average, 1.5 fewer years
of life and 2 full years fewer of able life than the expected agers. Adapted agers had about 1
year more of life than the expected agers, and 1.5 years more of able life, enjoying on
average ¥ of their remaining years free of ADL disability, compared with 65% in the
expected aging group and 55% in the prematurely frail group. Differences in cumulative
death rate were notably consistent across the entire length of follow up: adapted agers had
the lowest death rate and the prematurely frail had the highest death rate over 20 years
(Figure 1).

Table 4 compares years of able, healthy, and healthy and able life for each aging group
compared with the expected agers, after adjusting for potential confounders. After
adjustment for demographics, lifestyle factors, social support, blood pressure, and
biomarkers, the adapted agers had approximately 1 year more and the prematurely frail 1
year less of able, healthy, and both healthy and able life than the expected agers. Further
adjustment for subclinical disease attenuated the associations, most notably for the
prematurely frail group. There were no significant interactions of aging group with CRP or
DSST score.

DISCUSSION

With the observation that some older adults with high disease burden still remain vigorous
(adapted agers), we undertook this analysis to see if this group compressed morbidity at the
end of life, potentially signaling that they harbor protective factors that may blunt the effects
of disease and promote function. We favored this intuitive model given that there are many
older individuals who have high levels of disease but who are seemingly vigorous. We found
that, compared to expected agers, adapters lived longer and had less disability and better
self-rated health, ultimately showing compressed morbidity with a greater proportion of life
lived able and healthy. In contrast, prematurely frail older adults had higher mortality and
spent more of their remaining life disabled, despite lower than expected clinical disease for
their level of frailty. As conceptualized and measured here, adaptation may delay mortality
and even more so morbidity, resulting in compression of morbidity in a desirable way.

The profile of adapted agers is intriguing. Our regression models define these individuals as
having better than expected function for similar levels of age, gender, race, and, importantly,
chronic disease burden. When explored further, they have better intrinsic and extrinsic
markers of health. This includes lower CRP and fibrinogen, higher HDL, less subclinical
disease, as well as lower pack-years of smoking, higher education and income, and higher
social network score. These individuals had the longest life expectancy with preserved years
of able life, resulting in compressed morbidity. These associations were robust after
extensive adjustment for potentially explanatory confounders. It may be that adapted agers

J Am Geriatr Soc. Author manuscript; available in PMC 2017 June 01.
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truly do have adaptive factors which compress morbidity and mask the effect of underlying
disease which may ultimately present as a catastrophic illness, followed shortly by death.
Adapted agers may die before they manifest phenotypes of frailty. Adapted agers do appear
to be a unique group warranting more careful exploration to identify factors which may
promote morbidity compression.

In contrast, the prematurely frail have higher mortality and spend more of their remaining
life disabled and feeling less healthy. This group included more women, among whom there
is a known greater burden of disability, chronic pain, and affective disorders, and had higher
subclinical disease. There is perhaps a cycle of reporting poorer health and depressive
symptoms as a result of comparing their outward disability to their less-disabled peers,
which may also make them less likely to become able. The premature frail may illustrate
opportunity — if their subclinical disease and/or disability can be mitigated, they may achieve
long lives with good health, rather than living a shorter life with an expanded period of
morbidity.

Our results underscore two important clinical points. First, even among individuals with
similar levels of diagnosed clinical disease, there is wide variation in vigor and frailty as
well as subclinical disease. Although diagnosed disease burden, usually represented as a
comorbidity count, has been used for decades as a predictor of morbidity and mortality,
influencing researchers, providers, and payers, it is an imperfect representation of
physiologic fitness and does not explain the bulk of the variance in these outcomes. Second,
subclinical disease may be more strongly associated with morbidity and mortality than
clinically diagnosed disease.2! This is exemplified by the adaptors having much lower levels
of subclinical disease across several organ systems compared to expected agers, and
especially by the prematurely frail, who had the highest levels of subclinical disease. As
mortality prediction models become increasingly utilized in clinical practice for treatment
planning purposes,?2 it should be noted that subclinical disease markers will likely be more
powerful predictors than clinically diagnosed disease if they can be measured safely,
accurately, reproducibly, affordably, and efficiently.2!

We acknowledge several limitations in this analysis. We measured the SAVE scale only once
and individuals’ vigor/frailty likely changed throughout time. The phraseology for the
question on activity disability changed slightly during the follow up period, though the data
is highly internally consistent across how the question was phrased, suggesting little
misclassification occurred when the question was slightly altered. Some of the chronic
diseases were ascertained by self-report and dementia ascertainment was only confirmed in a
subset. The definition of aging groups based on a standard deviation cut-point in residuals
from a regression is arbitrary, but results were similar when the interquartile range of
residuals was used in sensitivity analyses. The cutpoints used to form the three aging groups
were substantially wide enough to allow for some variation without gross misclassification.
While mortality is a hard outcome, ADL disability can be fluid because individuals can
become disabled and then have health improvements which ameliorate their disability, even
into the last year of life.23 Our method of counting years free of ADL disability allowed for
recovery. It is different from life-table methods in that years are summed on the individual
level rather than the population level. Other methods are possible to examine the association
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between aging groups and health outcomes, such as modeling transitions between states, and
may produce different results, though transition state modeling specifically requires more
frequently updated data on the SAVE scale, which is not available in CHS. Our goal was to
model total years of healthy and able life rather than transitions between states, and
transitions are accounted for in the summing of the total years of reported healthy and able
life. Despite these potential weaknesses, the results were consistent across multiple
outcomes, suggesting that misclassification of outcome did not have a substantial impact on
our findings. Finally, while CHS has a wealth of data, the study does not capture every
possible illness nor are all illnesses assessed with the accuracy and consistency of
adjudicated CVD, therefore residual confounding is possible. Nonetheless, we believe this
would have a minimal effect given the degree of adjustment carried out for both intrinsic and
extrinsic covariates.

In conclusion, we show that older adults with better than expected vigor have lower
mortality and, disproportionately, even lower morbidity, leading to a compression of
morbidity. In contrast, older adults with worse than expected frailty have higher mortality
and substantially greater morbidity, and a higher proportion of life lived disabled before
death. Adapted agers may be a unique group to plumb further to identify factors which
promote longevity by blunting the effect of disease, while the prematurely frail may be most
amenable to interventions which reduce morbidity to extend the healthy and able period at
the end of life.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Kaplan Meier cumulative death plot by aging group over 20 years of follow up.
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Table 1

Clinical Disease prevalence and association with the SAVE scale.

Clinical disease Prevalence | Beta (95% CI) p-value
Self-reported health <0.001
Excellent 336 (6.4) | -0.97 (-1.19, -0.75)

\ery good 1564 (29.7) | -0.53 (-0.66, —0.41)

Good 2166 (41.1) | 1.00 (reference)

Fair 1028 (19.5) | 0.90 (0.76, 1.05)

Poor 171 (3.3) 1.78 (1.48, 2.08)

Parkinson’s | 43(0.8) | 0.90 (0.33, 1.46) | 0.002
Dementia | 196 (3.7) | 0.59 (0.31, 0.86) | <0.001
Stroke | 416 (7.9) | 0.51(0.29, 0.73) | <0.001
Claudication | 16832 | 047 (018,076) | 0002
Diabetes | 495 (9.4) | 0.39 (0.21, 0.57) | <0.001
Osteoporosis | 601 (11.4) | 0.37 (0.21, 0.54) | <0.001
Kidney disease | 123 (2.3) | 0.36 (0.03, 0.70) | 0.035
Depression | 389 (7.4) | 0.36 (0.16, 0.56) | <0.001
CHF | 344 (6.5) | 0.34 (0.12, 0.56) | 0.002
Arthritis | 2632 (50.0) | 0.32(0.21, 0.42) | <0.001
Cancer | 326 (6.2) | 0.18 (-0.35, 0.39) | 0.102
# of medications, 2.59 (2.3) | 0.11(0.08,0.13) <0.001
mean (sd)

Eye disease | 516 (9.8) | 0.04 (-0.13,0.21) | 0.641
COPD | 762 (14.5) |0.02 (-0.13, 0.16) | 0.823
CHD | 1173 (22.3) | -0.10 (-0.24, 0.03) | 0.131
Other covariates | | |

Age, yrs mean(sd) | 75.1(5.5) | 0.12 (0.10, 0.13) | <.001
Age? | | 0.0046 (0.0025, 0.0067) | <.001
Age? | | ~0.0003 (~0.00043, ~0.00016) | <001
Male sex | 2166 (41.1) | 0.01 (-0.10, 0.12) | 0.847
Black race | 885 (16.8) | 0.32 (0.18, 0.47) | <.001

J Am Geriatr Soc. Author manuscript; available in PMC 2017 June 01.

Entries in Table are N (%) unless otherwise noted.
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Table 3

Years of Life, Healthy Life and Mortality Rates by aging groups

Prematurely frail | Expected aging | Adaptive aging | p-value
Person -years 8,703 41,183 11,089
# Deaths (%) 752 (88.0) 2,898 (82.1) 699 (79.2) <.001
Mortality rate per 1,000 86.4 70.4 63.0 <.001L
person-yrs (95% CI) (80.4,92.8) (67.9, 73.0) (58.5, 67.9)
Age at death (N=4349) 84.7 (6.5) 85.7 (6.2) 86.8 (6.4) <.001
Years of Life (YOL) 10.0 (6.2) 11.5(6.2) 12.4(6.1) <.001
Years of Healthy Life 59(5.2) 7.5(5.8) 8.7 (5.9) <.001
(YHL)
Years of Able Life (YAL) | 6.1(5.5) 8.1 (6.0) 9.6 (6.0) <.001
Years of Healthy and Able | 4.2 (4.6) 6.0 (5.5) 7.4 (5.6) <.001
life (YHAL)
Proportion able 0.55 (0.31) 0.65 (0.29) 0.74 (0.24) <.001
(YAL/YOL)
Proportion healthy 0.55 (0.31) 0.61 (0.30) 0.66 (0.28) <.001
(YHL/YOL)
Proportion healthy and 0.37 (0.30) 0.47 (0.31) 0.55 (0.29) <.001
able (YHAL/YOL)

1 . .
Log-rank test of survivor function
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