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Abstract 

Background:  The effect of frailty and poor cardiovascular health on mortality for males and females is not fully 
elucidated. We investigated whether the combined burden of frailty and poor cardiovascular health is associated with 
all-cause and cardiovascular disease (CVD) mortality by sex and age.

Methods:  We analyzed data of 35,207 non-institutionalized US residents aged 20–85 years old (mean age [standard 
deviation]: 46.6 [16.7 years], 51.4% female, 70.8% White, 10.3% Black, 13.2% Hispanic) from the National Health and 
Nutrition Examination Survey (1999–2015). Cardiovascular health was measured with the American Heart Associa-
tion’s Life’s Simple 7 score (LS7). A 33-item frailty index (FI) was constructed to exclude cardiovascular health deficits. 
We grouped the FI into 0.1 increments (non-frail: FI < 0.10, very mildly frail: 0.1 ≤ FI < 0.20, mildly frail: 0.20 ≤ FI < 0.30, 
and moderately/severely frail: FI ≥ 0.30) and LS7 into tertiles (T1[poor] = 0–7, T2[intermediate] = 8-9, T3[ideal] = 
10–14). All-cause and CVD mortality data were analyzed up to 16 years. All regression models were stratified by sex.

Results:  The average FI was 0.09 (SD 0.10); 29.6% were at least very mildly frail, and the average LS7 was 7.9 (2.3). 
Mortality from all-causes and CVD were 8.5% (4228/35,207) and 6.1% (2917/35,207), respectively. The median length 
of follow-up was 8.1 years. The combined burden of frailty and poor cardiovascular health on mortality risk varied 
according to age in males (FI*age interaction p = 0.01; LS7*age interaction p < 0.001) but not in females. In females, 
poor FI and LS7 combined to predict all-cause and CVD mortality in a dose-response manner. All-cause and CVD 
mortality risk was greater for older males (60 and 70 years old) who were at least mildly frail and had intermediate 
cardiovascular health or worse (hazard ratio [lower/higher confidence interval ranges] range: all-cause mortality = 
2.02–5.30 [1.20–4.04, 3.15–6.94]; CVD-related mortality = 2.22–7.16 [1.03–4.46, 4.49–11.50]) but not for younger males 
(30, 40, and 50 years old).

Conclusions:  The combined burden of frailty and LS7 on mortality is similar across all ages in females. In males, this 
burden is greater among older people. Adding frailty to assessments of overall cardiovascular health may identify 
more individuals at risk for mortality and better inform decisions to implement preventative or treatment approaches.

Keywords:  Frailty, Cardiovascular Health, Mortality

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Background
Poor cardiovascular health negatively impacts the qual-
ity of life and well-being of older adults [1] and inde-
pendently increases the risk for incident cardiovascular 
disease (CVD) and CVD mortality [2–8]. In response, 
the American Heart Association (AHA) has suggested 
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that risk reduction goals are needed to optimize cardio-
vascular health. The AHA defined cardiovascular health 
based on seven risk factors, including high cholesterol, 
blood pressure, glucose levels, smoking status, body mass 
index, low physical activity, and poor diet [9]. Huffman 
et  al. introduced the Life’s Simple 7 (LS7) as a method 
to integrate these risk factors to define cardiovascular 
health into a single score to forecast cardiovascular out-
comes [10, 11].

While the LS7 can inform disease prognosis, it was not 
designed to account for the burden of age-related health 
problems other than CVD. Given the rising global life 
expectancy [12, 13], understanding which individuals’ 
age in worse health is important when identifying those 
most at risk for adverse outcomes. Frailty as a measure 
of the accumulation of deficits can capture health prob-
lems at any age across the adult life course. It describes 
the variability in adverse health outcomes at a given age 
[14–16]. While there are several ways to measure and 
understand frailty, the two most common models are the 
frailty index (FI) [17] and the frailty phenotype [18]. The 
FI has been shown to increase with age [19]; it also pre-
dicts non-CVD mortality [20, 21], CVD mortality, and 
hospitalization [21–23]. FIs also perform similarly to the 
Framingham risk score (FRS) when discriminating CVD 
events [24] and has been used in adults over 20 years old 
[19, 25, 26]. In fact, high levels of frailty (as measured by 
FI or frailty phenotype) are associated with individual 
CVD risk factors [25, 27–31] and poor cardiovascular 
health [32]. Importantly, Farooqi et  al. recently dem-
onstrated that the combined burden of frailty and high 
CVD risk (measured using FRS) is associated with CVD 
events and CVD mortality [24]. However, the combined 
burden of cardiovascular risk factors and frailty on mor-
tality is not well understood.

Sex-specific differences are also important in under-
standing the burden of poor cardiovascular health and 
frailty. For instance, females are two times more likely to 
be in ideal cardiovascular health than are males, and four 
more times more likely after adjusting for age, depriva-
tion score, education, and depression [33]. Females also 
have higher frailty scores compared to males at all ages. 
However, males have higher mortality risk than exhibited 
by females with the same level of frailty [34]. Given the 
burden of poor cardiovascular health, more males are liv-
ing with CVD and have a higher risk of dying from CVD 
compared to females [35]. This background motivates 
investigations into sex-specific differences in poor car-
diovascular health and frailty. The objectives of this study 
were to examine for males and females separately, (1) the 
association between the LS7 and frailty, (2) if the LS7 and 
frailty predict all-cause and CVD-specific mortality inde-
pendently, and (3) whether the combination of LS7 and 

frailty identifies more subgroups at risk for all-cause and 
CVD mortality than each on its own. This work quanti-
fies mortality risk in relation to one’s overall health, car-
diovascular health, and sex, and thus could better inform 
clinical decisions which manage the risk of mortality.

Methods
Study population
Data from nine cohorts of the National Health and Nutri-
tion Examination Survey (1999-2015) were used. The 
NHANES database includes cross-sectional surveys of a 
nationally representative sample of non-institutionalized 
US residents [36, 37]. Data was downloaded from the 
website of the America Centers for Disease Control and 
Prevention (http://​www.​cdc.​gov/​nchs/​nhanes.​htm). The 
total sample of the NHANES 1999-2015 cohorts was 
92,062. Our analysis sample included 35,207 participants 
after excluding people who were < 20 years of age (n = 
42,550), had incomplete cardiovascular health informa-
tion (n = 9,570), incomplete demographics information 
(n = 35), and insufficient data to create an FI (n = 5).

Each participant provided consent to participate in 
NHANES data collection. The NHANES protocol was 
approved by the institutional review board of the Centers 
for Disease Control and Prevention.

Frailty index
Frailty was measured with a 33-item frailty index (33-
FI) [17, 38] created using standard procedures [39]. The 
FI included deficits related to symptoms, signs, diseases, 
disabilities, and laboratory abnormalities. We used a 
modified version of a previously validated FI in NHANES 
(Additional file  1: Table  S1) [19, 40, 41] by excluding 
items related to CVD (i.e. stroke, heart attack, high blood 
pressure, coronary heart disease), type-2 diabetes melli-
tus (i.e. glucose, hemoglobin A1C), and total cholesterol 
levels. Modification of FI to exclude items related to CVD 
has been previously validated [42]. The FI is the ratio of 
health deficits present, where scores theoretically range 
from 0 to 1. Participants were also divided into four 
frailty severity groups: non-frail (FI < 0.1), very mildly 
frail (0.1 ≤ FI < 0.2), mildly frail (0.2 ≤ FI < 0.3), and 
moderately/severely frail (0.3 ≤ FI) [40].

Definition of Life’s Simple 7
The AHA developed a cardiovascular health metric using 
a combination of seven individual cardiovascular health 
metrics: smoking, BMI, physical activity, diet, total cho-
lesterol, fasting glucose, and blood pressure [9]. Compre-
hensive details for the cardiovascular health behaviors 
and factors are included in Additional file  1. Based on 
previous literature, we combined these seven cardiovas-
cular health metrics into a single Life’s Simple 7 Score 
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(LS7) ranging from 0 to 14, with a higher score corre-
sponding with better cardiovascular health [10]. These 
seven LS7 metrics were categorized as either poor (score 
= 0), intermediate (score = 1), or ideal (score = 2). The 
total LS7 was calculated per participant by summing 
their values. We also categorized participants into ter-
tiles [43], with T1, T2, and T3 corresponding to 0-7, 8-9, 
10-14 points on the LS7, respectively. T1 represent peo-
ple with the worst cardiovascular health, T2 have inter-
mediate cardiovascular health, and T3 represent those 
with the best cardiovascular health relative to the cohort. 
We included participants regardless of CVD history.

Combined frailty and Life’s Simple 7 score groups
To evaluate the combined burden of frailty and LS7 on 
mortality, we joined the four frailty and LS7 groups. This 
resulted in 12 groups, with non-frail (FI < 0.1) and best 
cardiovascular health (T3 LS7) indicating the healthi-
est group. Additionally, to determine if combining the 
FI and the LS7 would result in greater mortality risk, we 
combined the seven individual LS7 health items (smok-
ing, BMI, physical activity, diet, total cholesterol, fasting 
glucose, and blood pressure) [9] into the 33-item FI. This 
combined FI contains 40 items (33 original FI items + 
7 LS7 items) and is referred to as the 40-FI. The 7 addi-
tional LS7 items are coded as 0 = ideal, 0.5 = intermedi-
ate, and 1 = poor according to their LS7 groupings.

Mortality
Mortality status was examined with linked mortal-
ity certificate records from the National Death Index 
up until December 31, 2015. Survival time was counted 
from the date of the participants’ baseline examination 
center visit to the mortality event. All-cause and CVD-
related mortality were analyzed. People who had an 
underlying leading cause of mortality as “disease of the 
heart,” “cerebrovascular disease,” or were flagged with 
hypertension as a cause of mortality were categorized as 
CVD-related mortality [44]. All other underlying causes 
of mortality were categorized as non-CVD related mor-
tality and include mortality related to malignant neo-
plasms, chronic lower respiratory diseases, accidents, 
Alzheimer’s disease, diabetes, influenza and pneumonia, 
nephritis, nephrotic syndrome, and nephrosis.

Statistical analysis
Demographic characteristics are presented as frequency 
(%) for categorical variables. Age was presented as mean 
± standard deviation (SD). We compared inter-LS7 
group differences with age and sex using chi-squared 
tests and analysis of variance. All regression models 
were stratified by sex. Multivariable linear regression 
was used to evaluate the association between individual 

cardiovascular health metrics and LS7 with FI scores 
(continuous); results were presented as β-coefficient with 
95% confidence intervals (CI). We visualized the rela-
tionship between FI and LS7 by plotting the predicted 
values of FI from a linear regression model against LS7. 
We analyzed all-cause mortality risk across LS7 and FI 
(continuous and categorized scores) by using hazard 
ratios with 95% CI from Cox regression models; sub-
distribution hazard ratios with the Fine-Gray model were 
used to evaluate CVD-related mortality risk (competing 
risk events). Non-CVD mortality analyses are reported 
in Additional file  1. Model 1 included the continuous 
versions of the 33-FI and the LS7, model 2 included the 
categorical versions of the 33-FI and the LS7, model 3 
included the continuous version of the 40-FI, and model 
4 included the categorical version of the 40-FI. We 
tested 2-way interactions between age and FI and age 
and LS7 for males and females. Simple slope analyses 
were performed when a significant interaction was pre-
sent; age was centered at 30, 50, and 70 (ages 40 and 60 
were also reported in Additional file  1). We accounted 
for the complex survey design and implemented survey 
weights provided by NHANES to all demographic sta-
tistics calculations and regression analyses apart from 
the Fine-Gray model. The healthiest FI level (FI < 0.1) 
and LS7 tertile (T3) were used as the reference group 
for all relevant regression models. All regression models 
were adjusted for age, education level, diagnosis of CVD, 
NHANES cycle number, and race. In addition, a sensitiv-
ity analysis to exclude all participants with a diagnosis of 
CVD (n = 3391; 7.57%) from the main regression models 
was performed and reported in Additional file 1. p values 
of < 0.05 were considered statistically significant. All data 
analyses were conducted using R version 4.0.5 and R Stu-
dio version 1.2.5 [45]. The “survey” package was used for 
all analyses on complex survey design data [46].

Results
Participant characteristics
The included participants (n = 35,207) had a mean age of 
46.6 ± 16.7; 51.4% (n = 18,095) were female. People who 
were non-frail, very mildly frail, mildly frail, and moder-
ately/severely frail had proportions of 70.4% (n = 22,538), 
17.5% (n = 7084), 6.8% (n = 2983), and 5.3% (n = 2602), 
respectively. In both males and females, people with 
worse cardiovascular health (lower tertiles of LS7) were 
older (Table  1). Race other than White, Black, and His-
panic had the highest mean LS7 of all ethnicity categories 
(p-value < 0.01). The worst cardiovascular health group 
(T1 LS7) had the highest proportion of people that were 
smokers, had a poor diet, and higher biomarkers includ-
ing BMI, total cholesterol, blood glucose, and blood pres-
sure (Additional file 1: Table S2).



Page 4 of 11Quach et al. BMC Medicine          (2022) 20:394 

Frailty is associated with cardiovascular health
The proportion of participants with better cardiovascu-
lar health (T3 LS7) was lower with higher frailty levels, 
from 30.3% and 40.1% in those who were non-frail to 
5.5% and 4.1% in those who were moderately to severely 
frail for males and females, respectively (Additional 
file 1: Fig. S1). Multivariable linear regression revealed 
a significant age-by-33-FI interaction for cardiovascular 
health in both males and females (p < 0.01). Generally, 
a lower LS7 corresponded with higher 33-FI. In addi-
tion, a higher FI corresponded with a lower LS7 when 
age was centered at 70 compared to lower centered 
ages (30, 40, 50, and 60) (Additional file 1: Fig. S2). In 

addition, the 33-FI-LS7 slope was generally steeper 
(higher 33-FI per 1-point higher LS7) for females com-
pared to males, especially at younger ages.

Life’s Simple 7 score and frailty independently predict 
mortality
The total mortality rate was 8.5% (4223/30,930) (Table 1). 
The median length of follow-up was 97 months. Cox 
regression models predicting all-cause mortality showed 
a significant age-by-FI (p = 0.01) and age-by-LS7  
(p < 0.001) interaction for males, but not for females 
(age-by-FIfemale p = 0.93; age-by-LS7female p = 0.54).

Table 1  Demographic statistics of all males and females by tertiles of Life’s Simple 7 score

All percentages, means, and standard deviations are weighted. Higher LS7 tertiles indicate better cardiovascular health; lower Frailty Index indicate better overall 
health. LS7 Life’s Simple 7 score, CVD cardiovascular disease, SD standard deviation

Males Females

LS7 tertile Total 3rd tertile 2nd tertile 1st tertile 3rd tertile 2nd tertile 1st tertile

(LS7 Score) (0–14) 10–14 8–9 0–7 10–14 8–9 0–7

Sample size, N 35,207 3,827 5,549 7,736 4,860 5,577 7,658

Age (mean ± SD) 46.6 ± 16.7 38.2 ± 14.9 45.2 ± 15.9 51.5 ± 15.5 38.4 ± 14.0 46.8 ± 16.7 54.9 ± 15.9

Female, N(%) 18,095 (51.4%) - - - - - -

CVD, N(%) 3391 (7.57%) 156 (3.26%) 483 (6.54%) 1337 (13.88%) 90 (1.81%) 313 (4.88%) 1012 (11.73%)

Race, N(%)
  White 16,960 (70.8%) 1,853 (69.8%) 2,760 (71.7%) 3,756 (71.6%) 2,304 (69.9%) 2,620 (69.6%) 3,667 (71.8%)

  Black 6,846 (10.3%) 696 (9.1%) 1,057 (9.4%) 1,555 (9.8%) 724 (8.2%) 1,067 (11.2%) 1,747 (13.2%)

  Hispanic 9,101 (13.2%) 904 (14.0%) 1,377 (13.7%) 2,037 (13.7%) 1,329 (13.9%) 1,516 (13.5%) 1,938 (11.2%)

  Other 2,300 (5.6%) 374 (7.1%) 355 (5.2%) 388 (4.8%) 503 (7.9%) 374 (5.7%) 306 (3.9%)

Education, N(%)
  < 9th grade 4,246 (5.9%) 275 (3.9%) 637 (5.7%) 1,268 (8.1%) 330 (3.5%) 615 (5.5%) 1,121 (7.5%)

  9–11th grade 5,503 (12.1%) 466 (8.5%) 847 (11.7%) 1,392 (14.9%) 479 (6.9%) 815 (11.3%) 1,504 (16.7%)

  High school 8,182 (24.0%) 803 (20.2%) 1,328 (24.8%) 1,937 (27.2%) 846 (16.3%) 1,329 (24.6%) 1,939 (28.2%)

  Some college 9,829 (30.8%) 1,084 (29.2%) 1,450 (28.6%) 1,883 (29.1%) 1,538 (32.7%) 1,695 (33.5%) 2,179 (31.8%)

  College graduate 7,447 (27.2%) 1,199 (38.2%) 1,287 (29.3%) 1,256 (20.8%) 1,667 (40.6%) 1,123 (25.0%) 915 (15.8%)

Mortality rate, N(%)
  All-cause 4,228 (8.5%) 259 (4.2%) 658 (7.2%) 1,491 (14.3%) 162 (2.2%) 475 (7.0%) 1,183 (12.7%)

  CVD related 1,311 (2.4%) 57 (0.9%) 201 (2.0%) 499 (4.5%) 40 (0.5%) 118 (1.6%) 396 (3.8%)

  Non-CVD related 2,917 (6.1%) 202 (3.3%) 457 (5.2%) 992 (9.8%) 122 (1.7%) 357 (5.4%) 787 (8.9%)

Number of prescription medications, N(%)
  8+ 27,662 (80.82%) 3,605 (94.66%) 4,753 (88.28%) 5,369 (72.87%) 4,539 (92.66%) 4,630 (82.44%) 4,766 (62.69%)

  4-7 5,711 (14.79%) 195 (4.57%) 663 (10.14%) 1714 (20.06%) 278 (6.57%) 786 (14.79%) 2,075 (26.66%)

  0-3 1,813 (4.39%) 26 (0.77%) 129 (1.58%) 649 (7.06%) 40 (0.77%) 159 (2.77%) 810 (10.66%)

33-Item Frailty Index, N(%)
  < 0.1 22,538 (70.4%) 3,296 (89.2%) 4,089 (79.8%) 4,339 (64.3%) 3,978 (84.4%) 3,575 (67.3%) 3,261 (47.9%)

  0.1–0.2 7,084 (17.5%) 387 (8.2%) 871 (13.2%) 1,711 (19.4%) 695 (12.1%) 1,316 (22.4%) 2,104 (25.7%)

  0.2–0.3 2,983 (6.8%) 91 (1.7%) 359 (4.4%) 892 (8.8%) 128 (2.6%) 410 (6.4%) 1,103 (13.5%)

  > 0.3 2,602 (5.3%) 53 (0.9%) 230 (2.5%) 794 (7.5%) 59 (0.8%) 276 (4.0%) 1,190 (12.9%)

  Mean ± SD 0.09 ± 0.10 0.05 ± 0.06 0.07 ± 0.08 0.11 ± 0.11 0.06 ± 0.06 0.09 ± 0.09 0.15 ± 0.12
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Females
A 0.01 greater 33-FI was associated with a 4% greater 
all-cause and 2% greater CVD-related mortality risk in 
females (Table 2). A 1-point higher LS7 (7% increase) was 
associated with a 5% lower all-cause and 9% lower CVD-
related mortality risk. Using LS7 tertiles revealed that 
females with intermediate cardiovascular health (T1 LS7) 
did not have greater risk for CVD mortality when com-
pared to females with the best cardiovascular health 
(T3 LS7) (Table 2).

Males
A 0.01 higher 33-FI was associated with a 2-4% greater 
risk of all-cause and CVD-related mortality, respectively, 
in males across all ages (Table 3). A 1-point higher LS7 
was associated with a 6–20% lower risk of all-cause mor-
tality and 10–25% lower risk of CVD-related mortality 
(Table 3). A 1-point higher LS7 in males at age 30 con-
ferred greater associated reduction from all-cause and 
CVD-related mortality than a similar LS7 change in older 
males (Table  3). However, analyses using LS7 tertiles 
revealed that males with intermediate cardiovascular 
health (T2 LS7) did not have greater risk for all-cause and 
CVD mortality as compared to T3 LS7 across all ages.

Combined burden of frailty and poor cardiovascular health 
on mortality
The combined burden of frailty and poor cardiovascular 
health on mortality risk varied with age in males (age-by-
33-FImale interaction p = 0.01; age-by-LS7male interaction 

p < 0.001) but not in females (age-by-33-FIfemale inter-
action p = 0.93; age-by-LS7female interaction p = 0.54). 
These interactions were also observed when combin-
ing the 33-FI with LS7 metrics using the 40-FI (age-by-
40-FImale interaction p = 0.01, age-by-LS7male interaction 
p < 0.001; age-by-40-FIfemale interaction p = 0.91, age-by-
LS7female interaction p = 0.54).

Females
A 0.01 greater 40-FI was associated with a 5% greater 
all-cause and 4% greater CVD mortality risk in females 
(Table 2, model 3). The combined 33-FI and LS7 catego-
ries (12 categories) revealed a dose-response association 
with all-cause and CVD-related mortality risk across 
frailty and LS7 tertile groups (Fig.  1; Additional file  1: 
Table S3).

Males
A 0.01 higher 40-FI score was associated with a 3–5% 
greater all-cause and 2-5% greater CVD-related mortal-
ity in males across all ages (Table 3). However, using the 
combined 33-FI and LS7 categories identified additional 
subgroups at risk for mortality. For instance, males who 
had the worst frailty/cardiovascular health combination 
(0.3 < FI; T1 LS7) had higher risks for all-cause and CVD 
mortality when compared to the healthiest group (non-
frail and T3 LS7) across all ages (Fig. 2; Additional file 1: 
Tables S4 and S5). All-cause and CVD mortality risk was 
greater for older males (60 and 70 years old) who were 
at least mildly frail (FI > 0.2) and had intermediate or 

Table 2  Association of frailty and cardiovascular health with mortality in females

Cox regression models were used for all-cause mortality; Fine-Gray models were used for CVD-related mortality. All models are adjusted for age, education level, 
diagnosis of CVD, NHANES cycle number, and race. Higher LS7 tertiles indicate better cardiovascular health, lower FI indicate better overall health. Hazard ratio 
for all-cause mortality is weighted; all mortality rate percentages are weighted. HR hazard ratio, SHR sub-distributional hazard ratio, CI confidence interval, CVD 
cardiovascular, FI frailty index, LS7 Life’s Simple 7 score, 33-FI FI with 33 items, 40-FI 33-item FI combined with 7 items from the LS7. Bolded text indicates alpha < 0.05

Model Term Group N Mortality rate, N (%) HR (95% CI) SHR (95% CI)

All-cause CVD-related All-cause CVD-related

1 33-FI Continuous 18,095 1,820 (7.7%) 554 (2.1%) 1.04 (1.03,1.04) 1.02 (1.02,1.03)
LS7 Continuous 18,095 1,820 (7.7%) 554 (2.1%) 0.95 (0.92,0.98) 0.91 (0.87,0.95)

2 33-FI 0.0–0.1 10,814 421 (2.9%) 100 (0.6%) Reference

0.1–0.2 4115 491 (10.3%) 153 (3.0%) 1.49 (1.29,1.72) 1.47 (1.13,1.91)
0.2–0.3 1,641 392 (21.6%) 130 (6.3%) 2.25 (1.87,2.70) 1.92 (1.45,2.56)
0.3< 1,525 516 (31.7%) 171 (9.6%) 3.52 (2.94,4.21) 2.52 (1.91,3.32)

LS7 3rd tertile 4,860 162 (2.2%) 40 (0.5%) Reference

2nd tertile 5,577 475 (7.0%) 118 (1.6%) 1.40 (1.11,1.77) 0.94 (0.66,1.35)

1st tertile 7,658 1,183 (12.7%) 396 (3.8%) 1.52 (1.21,1.89) 1.43 (1.02,2.01)
3 40-FI Continuous 18,095 1,820 (7.7%) 554 (2.1%) 1.05 (1.04,1.05) 1.04 (1.03,1.04)
4 40-FI 0.0–0.1 5,420 111 (1.4%) 21 (0.2%) Reference

0.1–0.2 7,593 503 (5.4%) 138 (1.4%) 1.54 (1.12,2.12) 1.45 (0.90,2.31)

0.2–0.3 2,921 513 (15.7%) 166 (4.7%) 2.43 (1.76,3.35) 2.12 (1.31,3.45)
0.3< 2,161 693 (29.9%) 229 (8.9%) 4.62 (3.24,6.59) 3.25 (2.00,5.27)
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worse cardiovascular health (T2/T3 LS7) (hazard ratio 
[confidence interval low, high]: all-cause mortality = 
1.96 to 4.94 [1.17–3.71, 2.42–10.86]; CVD-related mor-
tality = 2.14 to 5.93 [1.02–3.67, 4.06–9.59) but not for 
younger males (30, 40, and 50 years old) as compared to 
the healthiest group (non-frail and T3 LS7) (Fig. 2; Addi-
tional file  1: Tables S4 and S5). Overall, the combined 
effect of poor cardiovascular health and high frailty levels 
on mortality risk was mitigated at a younger age.

Sensitivity analysis
Exclusion of participants with a diagnosis of CVD (n = 
3,391) did not significantly change results (Additional 
file 1: Tables S6 and S7, Figs. S3 and S4). There was still 
a dose-response association between 33-FI and LS7 cat-
egories with all-cause and CVD-related mortality risk in 
females. In addition, the combined effect of poor cardio-
vascular health and high frailty levels on mortality risk 
was similarly mitigated for younger aged males.

Discussion
Summary of results
This study investigated the relationship between cardio-
vascular health and frailty as an accumulation of non-
cardiovascular deficits on mortality risk in females and 
males across age. We found that poor cardiovascular 
health was associated with higher frailty in both females 
and males; this effect was more pronounced in older 

people (objective 1). Generally, people with higher frailty 
or worse cardiovascular health had a higher risk of all-
cause and CVD-related mortality (objective 2). Lastly, the 
combination of poor cardiovascular health and a higher 
frailty burden predicts greater all-cause and CVD-related 
mortality risk. Females with greater degrees of frailty and 
poor cardiovascular health had at higher mortality risk 
relative to their healthy peers at all ages. In males, this 
burden was worse at older ages (objective 3). Here, we 
elucidated the implications of non-cardiovascular defi-
cits accumulation and cardiovascular health on mortal-
ity; these findings provide new information on a patient’s 
mortality risk by sex and age.

Frailty and cardiovascular health
Here, we demonstrate that the relationship between 
frailty and cardiovascular health differs by age in both 
males and females. At similar frailty levels, older males 
and females had worse cardiovascular health com-
pared to their younger peers. We also demonstrated 
that individual cardiovascular risk factors including 
poor smoking status, BMI, physical activity level, fast-
ing blood glucose, and blood pressure were related to 
higher frailty levels (Additional file  1: Fig. S5), which 
is in agreement with previous reports [25, 29, 31, 47, 
48]. These findings in combination with previous 
work linking high CVD risk with the onset of frailty 
(phenotype [49] and FI [50]) and subclinical CVD 

Table 3  Association of frailty and cardiovascular health with mortality in males at ages 30, 50, and 70

Cox regression models were used for all-cause mortality; Fine-Gray models were used for CVD-related mortality. All models are adjusted for age, education level, 
diagnosis of CVD, NHANES cycle number, and race. Higher LS7 tertiles indicate better cardiovascular health, lower FI indicate better overall health. Hazard ratios 
for all-cause mortality are weighted; all mortality rate percentages are weighted. HR hazard ratio, SHR sub-distributional hazard ratio, CI confidence interval, CVD 
cardiovascular, FI frailty index, LS7 Life’s Simple 7 score, 33-FI FI with 33 items, 40-FI 33-item FI combined with 7 items from the LS7. Bolded text indicates alpha < 0.05. 
Mortality rates are available in Additional file 1: Table S9

Model Term Group N HR (95% CI)
All-cause mortality

SHR (95% CI)
CVD-related mortality

Age 30 Age 50 Age 70 Age 30 Age 50 Age 70

1 33-FI Continuous 17,112 1.02 (1.01,1.04) 1.03 (1.02,1.04) 1.04 (1.04,1.04) 1.04 (1.03,1.06) 1.03 (1.02,1.04) 1.02 (1.01,1.03)
LS7 Continuous 0.80 (0.74,0.86) 0.87 (0.83,0.91) 0.94 (0.92,0.97) 0.75 (0.67,0.85) 0.83 (0.77,0.88) 0.90 (0.87,0.94)

2 33-FI 0.0–0.1 11,724 Reference Reference

0.1–0.2 2,969 1.21 (0.81,1.82) 1.38 (1.11,1.71) 1.57 (1.38,1.78) 2.43 (1.29,4.58) 1.87 (1.32,2.65) 1.43 (1.18,1.75)
0.2–0.3 1,342 1.47 (0.79,2.75) 1.76 (1.25,2.49) 2.11 (1.81,2.46) 3.62 (1.61,8.10) 2.33 (1.48,3.68) 1.50 (1.19,1.90)
0.3< 1,077 2.72 (1.62,4.58) 3.25 (2.42,4.35) 3.87 (3.29,4.55) 5.93 (2.95,11.89) 3.66 (2.48,5.41) 2.26 (1.80,2.84)

LS7 3rd tertile 3,827 Reference Reference

2nd tertile 5,549 0.99 (0.62,1.56) 0.96 (0.73,1.26) 0.94 (0.77,1.14) 1.06 (0.41,2.73) 1.20 (0.69,2.06) 1.35 (1.01,1.82)
1st tertile 7,736 2.39 (1.55,3.69) 1.69 (1.32,2.18) 1.20 (1.01,1.44) 2.91 (1.24,6.84) 2.26 (1.39,3.69) 1.76 (1.33,2.32)

3 40-FI Continuous 17,112 1.03 (1.02,1.05) 1.04 (1.03,1.05) 1.05 (1.05,1.05) 1.05 (1.03,1.08) 1.04 (1.03,1.05) 1.02 (1.02,1.03)
4 40-FI 0.0–0.1 5,901 Reference Reference

0.1–0.2 7,275 1.23 (0.79,1.92) 1.52 (1.19,1.94) 1.88 (1.45,2.45) 1.35 (0.55,3.29) 1.56 (0.96,2.52) 1.79 (1.15,2.80)
0.2–0.3 2,326 1.84 (1.08,3.14) 2.36 (1.73,3.21) 3.01 (2.27,4.00) 3.09 (1.16,8.22) 2.74 (1.60,4.67) 2.42 (1.53,3.83)
0.3< 1,610 2.83 (1.53,5.23) 4.02 (2.91,5.55) 5.69 (4.34,7.48) 7.58 (2.93,19.60) 5.19 (3.09,8.69) 3.55 (2.23,5.63)
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markers [51, 52] with frailty further corroborate the 
intertwined nature of CVD and frailty. Indeed, the 
relationship between frailty and cardiovascular health 
may have important clinical implications before a 
CVD diagnosis.

In addition, our study makes a novel contribution 
by demonstrating that frailty as an accumulation of 
non-cardiovascular deficits is related to cardiovas-
cular health and that this relationship differs with 
age in males and females, aligning with a body of 
work suggesting that the problems of old age come 
as a package [53]. This result highlights the role of 
age-related physiologic systems not directly related 
to cardiovascular problems. In consequence, not 
only is age important in describing this relationship, 
but as others have observed, so is understanding the 
degree of frailty in relation to how cardiovascular 
health and its associated adverse outcomes change 
with age [21, 24, 53–55].

Frailty and cardiovascular health independently predicts 
mortality
Here, we add to the existing literature that frailty and 
cardiovascular health are independently related to all-
cause and CVD-related mortality risk (Tables  2 and 3) 
[19, 21, 24, 43, 56–60]. Our FI, which did not include 
items related cardiovascular health, was associated CVD-
related mortality for both females and males across all 
ages; this aligns with previous studies [22, 24, 61, 62]. 
Together, these results show that non-cardiovascular 
items or risk factors predict CVD-related mortality when 
indexed in the context of deficit accumulation.

Sex and the combined burden of frailty and cardiovascular 
health
We showed that for females, the combined burden of 
frailty and poor cardiovascular health resulted in greater 
mortality risk uniformly with higher frailty levels and 
worse cardiovascular health irrespective of age (Fig.  1; 

Fig. 1  Cox regression and Fine-Gray models for combined effect of Life’s Simple 7 score and frailty on all-cause and CVD-related mortality in 
females. All models were adjusted for age, education level, diagnosis of CVD, NHANES cycle number, and race. The 95% confidence interval is 
indicated by gray lines. FI, frailty index; LS7, Life’s Simple 7 score; CVD, cardiovascular disease; CI, confidence interval; n, number of participants, *p 
> 0.05. LS7 for 3rd, 2nd, and 1st tertiles are 10–14, 8–9, and 0–7, respectively. The 0.0–0.1 FI and 3rd LS7 tertile represent the healthiest group, while 
the 0.3 < FI and 1st LS7 tertile represent the least healthy group; all other groups are intermediary between these two extremes. The 33-item FI was 
used in this forest plot
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Table  2). In males, the effect of frailty and poor cardio-
vascular health on all-cause mortality risk was greater 
at older versus younger age. Specifically, the associa-
tion with all-cause mortality of the 40-FI appear greater 
than the 33-FI especially at older ages (Fig.  2; Table  3). 
The 40-FI demonstrates that adding the LS7 to an FI can 
incrementally increase the magnitude of the FI’s associa-
tion with mortality; adding other health items to an FI 
may not yield a similar effect as that of the LS7.

These results are relevant when considering how inter-
ventions may affect different populations, particularly 
males of different ages. For example, our data motivates 
further study to determine if younger males who live 
with mild frailty and poor cardiovascular health could 
have greater mortality risk reductions if they improve 
their cardiovascular health before older age. In females, 
improving cardiovascular health or frailty regardless of age 
could reduce their mortality risk. Nevertheless, whether 
females or males will derive a greater benefit from 
managing frailty or improving cardiovascular health 
require further investigation.

Combination of frailty and cardiovascular health in relation 
to mortality
We showed that greater degrees of frailty in combi-
nation with worse cardiovascular health exacerbates 
mortality risk (Figs. 1 and 2; Tables 2 and 3), thus dem-
onstrating frailty’s added prognostic value to overall 

cardiovascular health when examining mortality risk 
(irrespective of causes). This finding is similar to a pre-
vious study [22], which highlighted that deficits not 
related to the AHA’s definition of cardiovascular health 
is also important for evaluating the risk of adverse 
events associated with cardiovascular health. Further-
more, the result that frailty status helps to identify 
new subgroups at risk among people with similar car-
diovascular health is concordant with a previous study 
showing that an FI and the Framingham risk score have 
additive information for discriminating CVD events 
(C-statistic of FI, Framingham risk score, and both 
together are 0.60, 0.58, and 0.66, respectively) in an 
older population (mean age, 70.8 years) [24]. Together, 
these data are relevant as we consider the AHA’s goal 
to reduce mortality from CVD [9]—accurate identifica-
tion of individuals at risk is crucial for appropriate and 
efficient delivery of any interventions. This knowledge 
motivates further inquiry as to whether the considera-
tion of frailty alongside overall cardiovascular health 
in clinical settings will enable better management of 
patient cardiovascular health. Specifically, future work 
should investigate if the addition of frailty tools (Clini-
cal Frailty Scale, frailty phenotype, or FI) will improve 
mortality predictions by cardiovascular health scores. 
This idea could be realized by harnessing electronic 
medical record data routinely collected as part of 
standard care for patients to develop a FI [63, 64].

Fig. 2  Cox regression and Fine-Gray models for combined effect of Life’s Simple 7 score and frailty on all-cause and CVD-related mortality in males, 
with age centered at 30, 50, and 70. All models were adjusted for age, education level, diagnosis of CVD, NHANES cycle number, and race. The 
95% confidence interval is indicated by gray lines. FI, frailty index; LS7, Life’s Simple 7 score; CVD, cardiovascular disease; CI, confidence interval; n, 
number of participants, *p > 0.05. LS7 for 3rd, 2nd, and 1st tertiles are 10–14, 8–9, and 0–7, respectively. The 0.0–0.1 FI and 3rd LS7 tertile represent 
the healthiest group (reference group), while the 0.3 < FI and 1st LS7 tertile represent the least healthy group; all other groups are intermediary 
between these two extremes. The 33-item FI was used in this forest plot
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In this context, we hypothesize that treatments to 
either improve cardiovascular health or manage frailty 
may also incrementally improve patient health outcomes 
and lower cardiovascular risk. A recent study from our 
research group showed that cardiac rehabilitation com-
pletion was associated with lower frailty levels in two 
thirds of patients [65]. This frailty reduction effect, along-
side improvements in CVD risk factors, suggest that 
interventions which model multidisciplinary exercise and 
education-based cardiac rehabilitation programs could 
be an effective treatment strategy for frail patients with 
poor cardiovascular health. Indeed, this invites further 
inquiry to study cardiac rehabilitation and its effect on 
long-term health as both a primary and secondary pre-
vention measure of CVD and subsequent management 
of frailty. In addition, the AHA has recently updated the 
LS7 to the Life’s Essential 8, adding a new “sleep health” 
component to the construct of cardiovascular health 
[66]. Future research should also evaluate the role of 
sleep with previous cardiovascular health metrics in rela-
tion to frailty and mortality.

Strengths and limitations
A strength of our study was that we used a large and 
robust study cohort of 35,207 individuals, of which are 
nationally representative of community-dwelling US 
adults, with long-term follow-up. However, our data 
have limitations. First, despite the NHANES being a 
complex, multistage, and rigorous survey, the baseline 
data of non-institutionalized United States of Amer-
ica population are cross-sectional and thus we can-
not examine the causal nature of relationship between 
frailty and cardiovascular health. Furthermore, since 
the NHANES used self-reported measures of physical 
activity, smoking, and various other items used to cre-
ate the FI and LS7, classification errors or recall bias 
can operate when responding to surveys; however, self-
report survey use in frailty indices has been validated 
[67]. It is also important to note that we only used 
complete cases of data for the creation of the LS7. Any 
participant missing 1 or more of the 7 cardiovascular 
health metrics were excluded (n = 9570) as creation of 
the LS7 requires availability of all seven cardiovascular 
health metrics. Participants with incomplete data were 
often older and frailer (Additional file 1: Table S8). As 
such, these data may have biased prevalence estimates 
of demographic and mortality data. Additionally, mor-
tality may not be the most robust outcome for younger 
adults. The wide confidence intervals and large haz-
ard ratios (Fig. 2; Additional file 1: Tables S4 to S5) for 
some groups of young males may be attributable to 
low sample sizes and mortality events; the paradoxical 
nature of being severely frail but concurrently having 

good cardiovascular health seems to have resulted in a 
scarcity of data in this young population.

Conclusions
Our study revealed that frailty as an accumulation of non-
cardiovascular deficits is related to overall cardiovascular 
health in both females and males. Generally, females and 
males with higher frailty or worse cardiovascular health 
are more likely to die. The combined burden of frailty and 
poor cardiovascular health on mortality is higher in a dose-
response trend for females. For males, the lethality of this 
combined burden is greater in older males than in younger 
males. Adding frailty to assessments of overall cardiovas-
cular health may identify more individuals at risk for mor-
tality and thus has the potential to improve decisions to 
implement preventative or treatment approaches.
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