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Abstract

Background:  The population age 90 years and older is the fastest growing segment of the U.S. population. Only recently is it possible to study 
the factors that portend survival to this age.
Methods:  Among participants of the Cardiovascular Health Study, we studied the association of repeated measures of cardiovascular risk 
factors measured over 15–23  years of follow-up and not only survival to 90  years of age, but also healthy aging outcomes among the 
population who reached age 90. We included participants aged 67–75 years at baseline (n = 3,613/5,888) to control for birth cohort effects, 
and followed participants until death or age 90 (median follow-up = 14.7 years).
Results:  Higher systolic blood pressure was associated with a lower likelihood of survival to age 90, although this association was 
attenuated at older ages (p-value for interaction <.001) and crossed the null for measurements taken in participants’ 80’s. Higher levels 
of high-density lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, and body mass index (BMI) were associated 
with greater longevity. Among the survivors to age 90, those with worse cardiovascular profile (high blood pressure, LDL cholesterol, 
glucose, and BMI; low HDL cholesterol) had lower likelihood of remaining free of cardiovascular disease, cognitive impairment, and 
disability.
Conclusion:  In summary, we observed paradoxical associations between some cardiovascular risk factors and survival to old age; whereas, 
among those who survive to very old age, these risk factors were associated with higher risk of adverse health outcomes.
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The population age 90 years and older is the fastest growing seg-
ment of the U.S. population (1). This group with exceptional sur-
vival is expected to grow and comprise over 10% of the 65 and 
older population in 2050 (2). Despite this growth, little is known 
about risk factor patterns that portend survival to this age. Some 
research has demonstrated paradoxical relationships between risk 
factors and survival in old age; factors that are associated with 

survival in early old age differ from those associated with lon-
gevity to age 90. For example, high blood pressure is an estab-
lished risk factor for mortality in middle-aged and younger elders, 
but is associated with a lower risk of mortality among the very old 
and those who are frailer (3–5). Studies have observed that among 
older adults (>65 years), overweight body mass index (BMI) and 
higher low-density lipoprotein (LDL) cholesterol are associated 
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with a reduced risk of cardiovascular events and death (4,6,7). 
Older adults with tightly controlled hemoglobin A1c have may 
have increased risk of hypoglycemia and mortality, with little car-
diovascular benefit (8).

Survival to age 90 is a function of not only maintenance of 
health into old age, but also the life course exposures. By exam-
ining risk factor exposures over multiple years of follow-up, we 
may better understand the pathways to exceptional survival. 
Additionally, most prior investigations posit a multiplicative 
model, such as a logistic regression or Cox proportional hazards 
model, for risk factors since these models have favorable statistical 
properties and are popular in the literature. However, a relative 
measure of risk is affected by the incidence of an outcome in the 
unexposed group (9). Multiplicative models can be problematic 
when testing for effect modification by age. The increased risk of 
mortality with age thus leads to the appearance of an attenuated 
relative risk of a risk factor with age, even when the risk difference 
is constant.

Some have suggested that the paradoxical relationships ob-
served in old age are due to selective survival. Studies of old age, 
by definition, condition on survival to old age, and risk factor ex-
posures as well as health status are causes of survival to old age. 
Conditioning on the common effect of survival to old age can lead 
to survival bias, specifically termed collider stratification bias (10–
12). Some have argued that concerns about the magnitude of this 
bias have been overstated, and the typical effect sizes of this bias 
are minimal (13–16). However, these claims have been made based 
on simulation studies, and not examined in empirical data. In this 
study, we knowingly subject our analysis to this bias by studying 
risk factor relationships with health status only among those sur-
viving to age 90. If collider stratification bias is the explanation 
for the inverted associations of risk factors and outcomes in old 
age, we would expect to see this bias exaggerated in a study of 
those age 90 or older. An alternative explanation is that the para-
doxical associations are not an artifact of bias, but that the aging 
process alters the association of risk factors and outcomes in some 
subpopulations (17).

In this investigation, we explored the association of repeated 
measurements of cardiovascular risk factors over 15–23  years 
of follow-up and survival to 90  years of age. We hypothesized 
that the association between risk factors measured in late old age 
(>80  years) and survival to 90 would be attenuated relative to 
those measured in early old age. Risk factors included systolic 
and diastolic blood pressure, LDL and high-density lipoprotein 
(HDL) cholesterol, fasting glucose, and BMI. Because the rela-
tionships of these risk factors with longevity are not well studied, 
we assessed multiple classifications of the risk factors including 
linear, categorical, and splines. We evaluated additive and multi-
plicative models of survival to 90. As a second aim, we explored 
the relationships between the same risk factors and health status 
among those reaching 90  years, assessed by survival to 90 free 
of cardiovascular disease, cognitive impairment, and limitation 
in one or more activities of daily living (ADLs). The goal of this 
analysis was to study a selected population by conditioning on 
survival to age 90. We hypothesized that this would not induce 
paradoxical associations of risk factors and outcomes, since this 
bias is likely to have a minimal contribution to these associations. 
This investigation was conducted in the Cardiovascular Health 
Study, a cohort study of black and white adults aged 65  years 
and older.

Methods

Study Population
The CHS is a community-based study of 5,888 black and white adults 
aged 65 and older at baseline. Its primary aim is to evaluate risk fac-
tors for the development and progression of cardiovascular disease 
in older adults (18). The study recruited persons from Medicare 
eligibility lists in Forsyth County, North Carolina; Sacramento 
County, California; Washington County, Maryland; and Pittsburgh, 
Pennsylvania in 1989–1990. Additional Black participants were re-
cruited during a supplemental enrollment in 1992–1993; overall, 
Black participants constitute 15% of the CHS cohort. Eligible par-
ticipants had to be aged 65 and older and not institutionalized, ex-
pected to remain in the current community for 3 years or longer, not 
be under active treatment for cancer, and able to provide informed 
consent without requiring a proxy respondent. Participants com-
pleted study visits at enrollment and annually through 1999; these 
visits included an interview, health questionnaire, physical examin-
ation, and collection of blood specimens. An additional follow-up 
visit occurred in 2005–2006, which included the same components. 
In addition, follow-up contacts for functional status, cognitive 
function, depressive symptoms, medication use, hospitalizations, 
and other health outcomes were conducted by telephone every six 
months through 2015 for this analysis.

In order to assure at least 15 years of follow-up to age 90, and 
minimize birth cohort effects, in the analysis of survival to 90, par-
ticipants were included if they were 67–75 years old at baseline. We 
excluded 86 participants who were alive, but not yet 90 at the end 
of follow-up. There were 3,613 eligible participants. In the analysis 
of outcomes among those reaching age 90 and older, participants 
were included if they reached 90 years of age during CHS follow-up 
(n = 2,125).

Outcomes
Survival to 90 was the primary outcome of interest. Deaths were 
identified by consulting obituaries, medical records, death certifi-
cates, household contacts, National Death Index (2), and Centers for 
Medicare and Medicaid Services data; 100% follow-up for ascer-
tainment of mortality status was achieved.

The prevalent cardiovascular disease status of CHS participants 
was classified at baseline using a combination of hospital records and 
physician confirmation, and a CHS outcome-assessment committee 
adjudicated all incident cardiovascular disease events (19,20). Events 
included coronary heart disease, cerebrovascular disease, claudica-
tion, or heart failure. Coronary heart disease was defined as a history 
of myocardial infarction, angina pectoris, or revascularization; cere-
brovascular disease was defined as a history of transient ischemic 
attack, or stroke. A participant was defined as free of cardiovascular 
disease if they had no history of any cardiovascular disease event 
by age 90.

Cognitive function was assessed at annual visits and phone calls 
by the Modified Mini Mental State Exam (3MS) which ranges from 
0 to 100 with <80 indicating cognitive impairment. Beginning in 
1996, participants who did not attend the in-person visit were con-
tacted by phone and asked to complete the Telephone Interview for 
Cognitive Status; the Informant Questionnaire on Cognitive Decline 
in the Elderly was administered to a proxy if needed. An internal val-
idation equation was developed to convert Telephone Interview for 
Cognitive Status and Informant Questionnaire on Cognitive Decline 
in the Elderly scores to 3MS scores (21). A participant was defined as 
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free of cognitive impairment at 90 if his or her 3MS measure closest 
to age 90 was ≥80 points.

Participants were asked to report at annual visits and phone calls 
whether they had difficulty with or were unable to perform any of 
six ADL: bathing, eating, dressing, using the toilet, getting out of bed 
or chair, and walking around home. A participant was defined as free 
of disability at 90 if they had no ADL limitations at the assessment 
closest to age 90.

Risk Factors
Age, sex, and race were determined by self-report at baseline; race was 
categorized as Black or White/other; <1% of participants identified 
as other race. Blood pressure (systolic and diastolic) was measured 
in seated participants after a 5-minute rest. Trained study personnel 
obtained three blood pressure readings, and the average of the last 
two readings was recorded. Blood pressure was assessed at baseline 
and annually through 1995, years 1996–1999, and at the 2005/2006 
visit. HDL cholesterol was measured in fasting blood samples, and 
LDL cholesterol was calculated according to the Friedewald equa-
tion (22). Lipids were measured at baseline and the 1992/1993 visit 
and 2005/2006 visit. Height and weight were measured and BMI 
was calculated as weight (in kilograms) divided by height (in meters) 
squared. Fasting glucose was measured in serum by the enzymatic 
method. BMI and glucoses measures were measured at baseline, and 
the 1992/1993, 1996/1997, and 2005/2006 visits.

A priori, we chose to use a data-driven approach for the functional 
form of the risk factors. We explored all risk factors as continuous, cat-
egorical, and using a linear spline with one knot. Categorical cutpoints 
were selected as those that are clinically relevant or from prior research 
in the CHS (23): systolic BP >140 mmHg, diastolic BP >60 mmHg, 
LDL cholesterol >130 mg/dL, HDL cholesterol <40 mg/dL in men, 
<50 mg/dL in women, BMI <18.5 (underweight), 18.5–25 (normal), 
25–30 (overweight) and 30+ (obese), fasting glucose ≥126 mg/dL. The 
knots used for the linear spline analyses were equivalent to the cut 
point above, except BMI, for which the knot was placed at 30.

Statistical Analysis
Descriptive statistics were stratified by survival to 90 and presented 
using means and standard deviation or counts and percentages.

We used generalized estimating equations (GEE) to estimate 
parameters of a logistic regression model with repeated measures of 
the risk factors within a person; the primary outcome of interest was 
survival to age 90. Each risk factor was measured in a separate model 
to account for the fact that the risk factors may confound, mediate, or 
interact with one another (24). All models were age-adjusted and we 
tested whether the association varied by the age of risk factor measure-
ment (age interaction); the age interaction was retained if the p-value 
was <.10. We explored multiple risk factor classification as linear, 
linear spline, and cut points and selected the exposure classification 
based on the model with the lowest quasilikelihood criterion (QIC), 
which is a model-selection method for GEE (25) (Supplementary 
Table S1). Subsequent models were adjusted for demographics (sex, 
race, and education level) and medication (blood pressure, LDL chol-
esterol, and glucose-lowering). To account for the possibility that the 
risk factor and age interaction may depend on the scale, we repeated 
the age and demographic adjusted GEE models using a binomial 
model with the identify link function to estimate risk differences.

To evaluate whether changes in risk factors were associated with 
survival to 90, we estimated a person-specific level and slope of each 

of the risk factors. This was done by estimating a random effects 
multilevel model of each risk factor on study time. Person-specific 
level and change in each of the risk factors was then included in an 
age-adjusted logistic regression model of survival to 90.

Among 2,125 participants surviving to age 90, we used GEE 
logistic regression models to evaluate the factors associated with 
staying free of cardiovascular disease, cognitive impairment, and 
disability to age 90.

We plotted the age-adjusted results from the best-fit models of 
survival to 90. Age-interactions that were found to be attenuated 
in adjusted models were not included because they were likely an 
artifact of confounding. We compared the graphical relationships 
between the risk factors and survival to 90 and the risk factors and 
the other aging outcomes (free of cardiovascular disease, cognitive 
impairment, and disability).

All statistical analyses and graphical displays were performed 
using STATA/IC 14.0 (StataCorp, College Station, TX) and R-3.2.3 
(R Foundation for Statistical Computing, Vienna, Austria).

Results

Of 5,802 participants who were followed until age 90 or death, 
2,125 (37%) survived to age 90 or older. Of the 3,613 participants 
aged 67–75 years at baseline, 1,160 (32%) survived to age 90 or 
older. Women, those reporting white/other race, those with greater 
education, and those from the Sacramento County study site were 
more likely to reach age 90  years. Additionally, those with better 
self-rated health, never smokers, and those with no instrumental ac-
tivities of daily living and ADL limitations were more likely to sur-
vive to 90 or older. Those who reached age 90 years in the restricted 
birth cohort had higher LDL-, HDL-, and total cholesterol, lower 
BMI, systolic blood pressure, glucose, and were less likely to have 
a history of MI, stroke, and heart failure in early old age (Table 1).

Factors Associated with Survival to Age 90
There were a median of eight blood pressure measurements, two 
lipid measurements, and three BMI and glucose measurements per 
person prior to age 90  years. All of the risk factors were associ-
ated with survival to 90 (Table 2, Figure 1). Higher systolic blood 
pressure was associated with a lower likelihood of survival to age 
90, although this association was attenuated at older ages (p-value 
for interaction <.001) and crossed the null at 82 years of age. The 
best-fit model for diastolic blood pressure and survival to 90 was 
a spline with a cutpoint at 60  mmHg. Among persons with dia-
stolic blood pressure levels lower than 60  mmHg, higher blood 
pressure was associated with greater likelihood of survival to 90; 
whereas among persons with diastolic levels ≥ 60  mmHg, higher 
diastolic blood pressure was associated with lower likelihood of 
survival to 90. Higher LDL cholesterol was associated with greater 
likelihood of survival to age 90, as well as higher levels of HDL 
cholesterol among those with low levels (<40 for men and <50 for 
women). There was the appearance of an interaction with age for 
both, although the interaction with LDL cholesterol was dimin-
ished after adjustment for demographic factors and medication use. 
Underweight BMI was associated with lower likelihood of surviving 
to 90; overweight and obese were not associated with longevity. 
Higher glucose was associated with lower likelihood of survival to 
age 90; the association was attenuated with age (p-value for inter-
action <.001), but did not cross the null when the risk factors were 
measured prior to 90 years.
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The patterning of risk factor associations with longevity was 
similar when we used an additive risk model (Supplementary Table 
S2), and the attenuated effect of systolic blood pressure measured at 
older ages persisted. The age interactions with LDL- and HDL chol-
esterol and glucose were no longer statistically significant.

Change (slope) in the risk factors was not associated with sur-
vival to 90 with the exception of BMI (Supplementary Table S3). 
A 1-unit increase in BMI per year was associated with an over two-
fold increase in the odds of reaching 90 (odds ratio [OR]: 2.11, 95% 
confidence interval [CI]: 1.12, 4.00). This is equivalent to an associ-
ation between a falling BMI and lower odds of reaching 90 years: a 
1-unit decrease in BMI per year was associated with an OR of 0.47 
(95% CI: 0.25, 0.89). The median change in BMI over follow-up 
was 0, meaning that about half of participants increased in BMI and 
half decreased.

Factors Associated with Health Status at Age 90
Among 2,125 participants who reached age 90, we observed a different 
association of the risk factors and health status at age 90. The best-fit 

models for all risk factors were the models that classified the risk fac-
tors as linear. Higher systolic blood pressure and BMI were associated 
with a lower likelihood of being free of cardiovascular disease at age 90 
(Figure 2). Higher LDL cholesterol, glucose, and BMI were associated 
with a lower likelihood of being free of cognitive impairment at age 90 
(Figure 3). Higher systolic blood pressure and BMI, and paradoxically, 
HDL cholesterol, were associated with a lower likelihood of being free 
of disability at age 90 (Figure 4). Although many of the effect sizes 
were not statistically significant, the direction of the association with 
the outcomes at 90 were in the directions that are traditionally thought 
to convey risk. That is, higher systolic and diastolic blood pressure, 
LDL cholesterol, BMI, and glucose, and lower HDL cholesterol were 
associated with worse outcomes. The exceptions were the associations 
of LDL and HDL cholesterol and disability.

Discussion

In this prospective study of cardiovascular risk factors measured over 
approximately 20 years, we found a different pattern of associations 

Table 1.  Baseline Characteristics by Survival to 90+ Among CHS Participants Aged 67–75 Years at Baseline

Total  
N = 3,613*

Did not Survive to Age 90 y  
N = 2,453

Survived to Age 90 y  
N = 1,160 p-value

Age, years 71.0 (2.5) 71.0 (2.5) 71.1 (2.5) .48
Female, % 58.3 53.7 68.1 <.01
Black race, % 14.5 15.8 11.9 <.01
Education,%     
  <HS 27.4 30.0 21.8 <.01
  HS/Equivalency 28.1 27.2 30.1
  >HS 44.5 42.8 48.1
Study site, %     
  Forsyth County, NC 25.4 26.2 23.9 <.01
  Sacramento County, CA 25.8 24.5 28.5
  Washington County, MD 22.0 23.2 19.5
  Pittsburgh, PA 26.7 26.1 28.1
Smoking status, %     
  Current 13.3 16.1 7.3 <.01
  Former 43.5 45.7 38.8
  Never 43.3 38.2 53.9
IADL limitations, % 6.7 8.0 3.9 <.01
ADL limitations, % 22.5 25.5 16.0 <.01
BMI categories, %     
  <25 35.6 35.3 36.3 .34
  25–30 42.7 42.4 43.5
  ≥30 21.7 22.3 20.2
LDL cholesterol, mg/dL 131 (36) 129 (36) 134 (35) <.01
HDL cholesterol, mg/dL 54 (16) 53 (16) 56.2 (15) <.01
Total cholesterol, mg/dL 213 (39) 210 (39) 218 (38) <.01
SBP, mmHg 135 (21) 136 (21) 133 (20) <.01
DBP, mmHg 71 (11) 71 (12) 71 (11) .08
Glucose, mg/dL 111 (35) 114 (40) 103 (21) <.01
History of MI 9.0 11.7 3.5 <.01
Stroke 3.8 5.2 0.8 <.01
Heart failure 3.7 5.1 0.8 <.01
Antihypertensive Medications 46.0 50.1 37.8 <.01
Statins 2.5 2.6 2.3 .62
Diabetes Medications 6.4 8.2 2.8 <.01

Note: Values shown mean (SD) or %.
Sample sizes for individual rows may be lower than the total due to missing values.
p-values were calculated using a t-test for continuous variables and chi-squared tests for categorical variables.
ADL = activities of daily living; BMI = body mass index; DBP = diastolic blood pressure; HDL = high-density lipoprotein; HS = high school; IADL = instrumen-

tal activities of daily living; LDL = low-density lipoprotein; SBP = systolic blood pressure.
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of risk factors with survival to age 90, compared with the pattern of 
associations with health status at age 90. The association of systolic 
blood pressure with survival to age 90 crossed the null with aging 
such that for measures taken in the mid-to-late 80’s, higher systolic 
blood pressure was associated with greater likelihood of reaching 
90. As expected, higher levels of HDL cholesterol were associated 
with greater longevity among those participants with low levels of 
HDL cholesterol. In contrast to their cardiovascular risk profiles, 
low LDL cholesterol and underweight BMI were associated with 

lower likelihood of survival to 90 when measured after age 67 years. 
When we restricted analyses to those who reached age 90, the trad-
itional cardiovascular risk factors were largely associated with worse 
health status at age 90, and there were no apparent interactions with 
the age at the time of risk factor measurement.

Our findings are consistent with previous reports of an attenuated 
effect of systolic blood pressure with survival in older age. Multiple 
studies demonstrated an attenuated association of blood pressure 
levels with survival among older adults (26–28), and some data from 
trials suggested a modestly harmful effect of blood pressure lowering 

Table 2.  The Association of Repeated Measures of Risk Factors and Survival to 90+ in a Multiplicative Model

Exposure 

Age-adjusted Adjusted for Demographics Adjusted for All Demographics and Medication Use

OR (95% CI)

Systolic blood pressure—continuous†   
  SBP 0.79 (0.74, 0.85)*** 0.79 (0.74, 0.85)*** 0.79 (0.72, 0.88)***
  Age × SBP 1.05 (1.03, 1.08)*** 1.04 (1.02, 1.07)*** 1.05 (1.01, 1.09)*
Diastolic blood pressure—spline†   
  DBP < 60 1.09 (1.06, 1.12)*** 1.09 (1.07, 1.13)*** 1.10 (1.03 1.17)
  DBP ≥ 60 0.91 (0.88, 0.94)*** 0.93 (0.90, 0.96)*** 0.86 (0.78, 0.94)
LDL cholesterol—continuous†   
  LDL 1.17 (1.09, 1.26)*** 1.13 (1.05, 1.22)*** 1.14 (1.06, 1.24)**
  Age × LDL 0.97 (0.95, 1.00)* 0.97 (0.95, 1.00)* 0.99 (0.97, 1.03)
HDL cholesterol—spline at 40 (men) or 50 (women)†   
  HDL < 40/50 1.46 (1.37, 1.55)*** 1.30 (1.18, 1.42)***  
  HDL ≥ 40/50 0.97 (0.92, 1.02) 0.97 (0.92, 1.03)  
  Age × HDL < 40/50 0.96 (0.94, 0.99)** 0.97 (0.94, 0.99)**  
BMI categories (ref = normal weight)   
  Underweight 0.37 (0.22, 0.65)** 0.32 (0.18, 0.56)***  
  Overweight 1.05 (0.90, 1.21) 1.15 (0.99, 1.34)  
  Obese 0.95 (0.78, 1.14) 1.01 (0.83, 1.22)  
Glucose—continuous†   
  Glucose 0.62 (0.54, 0.70)*** 0.66 (0.59, 0.75)*** 0.63 (0.54, 0.72)***
  Age × Glucose 1.06 (1.02, 1.10)** 1.06 (1.02, 1.10)** 1.08 (1.03, 1.13)**

Note: BMI = body mass index; CI = confidence interval; DBP = diastolic blood pressure; HDL = high-density lipoprotein; LDL =  low-density lipoprotein; 
OR = odds ratio; SBP = systolic blood pressure.

*p < .05, **p < .01, ***p < .001.
†All continuous predictors are shown per Z score, standardized to baseline visit mean and standard deviation.
Demographic adjusted model was adjusted for sex, black race, education level (<HS, HS/GED, >HS), and study site.

Figure 1.  Age-adjusted association of risk factors and survival to 90. 
Associations with systolic blood pressure are stratified based on the age of 
blood pressure measurement < 85 and 85+ years. BMI = body mass index; 
BP  =  blood pressure; HDL  =  high-density lipoprotein; LDL  =  low-density 
lipoprotein.

Figure 2.  Age-adjusted association of risk factors and being cardiovascular 
disease free at 90, among those surviving to 90. BMI = body mass index; 
BP  =  blood pressure; HDL  =  high-density lipoprotein; LDL  =  low-density 
lipoprotein.
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on survival among adults aged 80 and older (29). In contrast, the 
recent SPRINT trial demonstrated a strong protective effect of inten-
sive blood pressure lowering on mortality, even among participants 
aged 75 and older (30). Given that the present study is observational, 
our ability to comment on causal relationships is limited. However, 
our data suggest that those blood pressure measurements taken late 
in life have an inverse association with longevity. Our finding that 
low diastolic blood pressure is associated with lower likelihood of 
survival among those with levels below 60 mmHg is consistent with 
studies of younger elders that have found elevated risk of events at 
this level (31). However, in our study, this association was attenuated 
when adjusting for other risk factors.

In a previous study in the CHS, systolic blood pressure and glu-
cose were associated with cardiovascular events in adults 65–75, and 
these associations were attenuated at older age (23). Notably, in the 
present study, the interaction with glucose and age was dependent 
on the scale, suggesting that the apparent attenuated association in 
older age was due to the change in likelihood of survival with age 

(9). The associations between lipids and BMI and survival to 90 were 
expected. Previous research in CHS demonstrated no association be-
tween LDL cholesterol and survival (7), and substantial literature has 
shown a relationship between underweight and mortality (6). There 
is controversy regarding the importance of overweight and obesity 
when observed in very old age, and some studies have not observed 
an association of overweight and obesity with adverse outcomes (6).

When restricting to a survivor population of those who reached 
90, a favorable cardiovascular risk profile was associated better 
health status. That is, participants with higher systolic and diastolic 
blood pressure, glucose, and BMI had lower likelihood of remaining 
free of cardiovascular disease, cognitive impairment, and disability at 
90. Exceptions were that adverse lipid factors were unexpectedly as-
sociated with lack of disability. These results do not support collider 
stratification bias as an explanation for the paradoxical association 
between higher blood pressure measured in old age and greater like-
lihood of survival to 90. If collider stratification bias were present, 
we would expect this inverted association to be exaggerated among 
those surviving to 90. Instead, our observations are consistent with 
the idea that robust older adults (those likely to reach age 90) are 
physiologically more similar to younger adults in whom we see these 
traditional cardiovascular risk factor associations. Older adults are 
a mix of those aging well and those aging poorly, and survival to 
90 may be a marker of robustness. The association of risk factors 
and outcomes may differ by robustness or other characteristics of 
the individual. If confirmed, these observations would support risk 
factor control in robust older adults of any age. However, a future 
challenge is determining how to prospectively identifying these indi-
viduals, as survival to 90 can only be evaluated retrospectively.

There is an alternative explanation for the attenuated association 
of systolic blood pressure with age, and the null associations of high 
diastolic blood pressure, LDL cholesterol and obesity with longevity. 
We suggest that during the life of an individual, some risk factors 
may undergo a switch over time from being a cause of disease to 
being a consequence of disease, although the timing of this switch 
may depend on the health and longevity of the individual. Whether 
the risk factor functions as a marker of cumulative disease or actually 
has an inverted causal effect is unknown. However, some have pro-
posed protective mechanisms for higher risk factors in older age. For 
example, higher blood pressure may allow for sustained perfusion 
of the essential organs in the presence of vascular disease (17,31). 
Cholesterol is involved in neurotransmission, thus some have sug-
gested that higher levels may support neuronal functioning in some 
persons (32,33). Higher glucose may limit episodes of hypoglycemia 
among those who are very old or frail (34). Further investigations of 
the physiological alterations that accompany the aging process may 
lend insight into why these unexpected relationships are observed.

Strengths of this study include a large sample of adults reaching 
age 90 and the availability of repeated measures of risk factors 
across the old-age life course. Additionally, we examined the asso-
ciations of risk factors with survival across both multiplicative and 
additive scales, thus enabling us to ensure that the apparent age-
interactions were robust to the scale of measurement. The primary 
limitation is for the possibility of unmeasured and residual con-
founding, which limits the causal interpretation of our findings. 
There may be time-dependent confounding by medication use or 
other nonpharmacologic interventions that could bias the risk factor 
estimates. Implementation of g-methods to account for confounding 
would be necessary to address this bias. Additionally, we had more 
repeated measures of the blood pressure measurements compared 
with lipid, BMI, or glucose, thus power to detect a change in the 

Figure 4.  Age-adjusted association of risk factors and being free of ADL 
impairment at 90, among those surviving to 90. ADL  =  activities of daily 
living; BMI  =  body mass index; BP  =  blood pressure; HDL  =  high-density 
lipoprotein; LDL = low-density lipoprotein.

Figure 3.  Age-adjusted association of risk factors and being free of cognitive 
impairment at 90, among those surviving to 90. BMI  =  body mass index; 
BP  =  blood pressure; HDL  =  high-density lipoprotein; LDL  =  low-density 
lipoprotein.
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associations was lower for the non-blood pressure risk factors. 
Finally, older age is a period of heterogeneity, which often leads to 
wide standard errors. This resulted in variable estimates for many of 
our parameters of interest, and we may have been underpowered to 
detect effect modification by age at the time of risk factor measure-
ment, especially for the analyses restricted to those who reached 90.

In summary, in this large sample of older adults followed from 
early old age, we identified the cardiovascular risk factor patterns 
that were associated with survival to 90. Higher levels of systolic 
blood pressure were associated with lower likelihood of survival to 
90, although this association was diminished when blood pressure 
was measured when participants were in their late 80’s. Low dia-
stolic blood pressure, HDL cholesterol, LDL cholesterol, and BMI, 
and high glucose were associated with lower likelihood of survival 
to 90. Interestingly, in the survivor population of participants who 
reached 90, traditional cardiovascular risk profiles were associated 
with adverse health status. A better understanding of the factors that 
are associated with survival and health at 90 may lend insight into 
the physiologic process of aging.

Supplementary Material

Supplementary data is available at The Journals of Gerontology, 
Series A: Biological Sciences and Medical Sciences online.
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