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ABSTRACT
Objective The study aimed to assess the associations 
of physical activity (PA) trajectories across a 25- year span 
with coronary artery calcium (CAC) progression, and 
subsequent risk of cardiovascular disease (CVD) events.
Methods We included 2497 participants from the 
Coronary Artery Disease Risk Development in Young 
Adults study who had computed tomography- assessment 
of CAC at baseline (year 15: 2000–2001) and follow- 
up (year 20 or 25) and at least three measures of PA 
from year 0 to year 25. Long- term PA trajectories were 
determined by latent class modelling using a validated 
questionnaire.
Results Among the included participants, 1120 
(44.9%) were men, 1418 (56.8%) were white, and 
the mean (SD) age was 40.4 (3.6) years. We identified 
three distinct PA trajectories based on PA average 
levels and change patterns: low (below PA guidelines, 
n=1332; 53.3%); moderate (meeting and slightly over 
PA guidelines, n=919; 36.8%) and high (about three 
times PA guidelines or more, n=246; 9.9%). During a 
mean (SD) follow- up of 8.9 (2.1) years, 640 (25.6%) 
participants had CAC progression. Participants in the 
high PA trajectory group had a higher risk of CAC 
progression than those in the low PA trajectory group 
after adjustment for traditional cardiovascular risk 
factors (HR 1.51; 95% CI 1.18 to 1.94). However, high 
PA trajectory was not associated with an increased risk 
of incident CVD events (HR 1.01; 95% CI 0.44 to 2.31) 
and the incidence of CVD events in participants with 
CAC progression was similar across all three PA trajectory 
groups (p=0.736).
Conclusion Long- term PA about three times the 
guidelines or more is independently associated with CAC 
progression; however, no additional risk of incident CVD 
events could be detected.

INTRODUCTION
Physical activity (PA) is defined as any bodily move-
ment resulting from the contraction of skeletal 
muscle that increases energy expenditure above 
the basal level.1 Mounting evidence has demon-
strated the benefits of regular PA on retarding 
the development of atherosclerotic cardiovascular 
disease (CVD) via multiple mechanisms, including 
achieving and maintaining a healthy weight, and 
improving cardiovascular risk factors (blood pres-
sure, lipid profiles and blood sugar, etc), and better 

cardiorespiratory fitness.1 2 A meta- analysis of 
33 cohort studies involving 883 372 participants 
reported risk reductions of 30% to 50% for cardio-
vascular mortality and 20%–50% for all- cause 
mortality with increasing volumes of PA.3 Current 
guidelines recommend that healthy adults should 
perform a minimum of 150 min of moderate- 
intensity exercise or 75 min of vigorous- intensity 
exercise weekly.4 5 On the other hand, there is 
growing concern that excessive exercise, such as 
that undertaken by endurance athletes, may be 
deleterious to cardiovascular health. Several studies 
suggested a U- shaped or reverse J- shaped dose–
response relationship between lifetime PA exposure 
and cardiovascular morbidity,6 7 indicating that 
there is an exercise threshold beyond which some 
of the aforementioned cardiovascular benefits of PA 
are lost.

Coronary artery calcium (CAC) assessed by 
CT, an established marker of subclinical coronary 
atherosclerosis, is a strong predictor of cardiovas-
cular morbidity and mortality and a potent CVD 
risk stratification tool.8 9 Studies examining the 
relationship between PA and CAC have revealed 
discordant results during the past decades; with 
an inverse relationship in several studies10 11 
but positive relationship in others,12–14 and U/J- -
shaped relationship,15 16 or no relationship in some 
studies.17 18 One of the important flaws existing in 
most previous cohort studies is that only a single 
measure of self- reported PA was taken. It is obvious 
that individuals’ PA measured at baseline does 
change over time, as PA can vary greatly throughout 
the life cycle.19 A recent study using the Coronary 
Artery Disease Risk Development in Young Adults 
(CARDIA) study data examined the association 
of long- term PA patterns with CAC prevalence13; 
however, the cross- sectional nature of the analysis 
limited its ability to make a direct casual inference. 
The relationships of the PA trajectories from young 
adulthood onwards with CAC progression, and 
future CVD incidence in later life have not been 
searched for. Given the importance of primary 
prevention of CVD, there remains a need to better 
understand whether diverse PA behaviours from an 
earlier age can have different impacts on cardiovas-
cular health outcomes. Therefore, the aims of this 
study were to describe the longitudinal changes in 
PA levels over a 25- year span among individuals 
free of CVD in the CARDIA study, and to evaluate 
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the prospective associations of PA trajectories with subsequent 
CAC progression and incident CVD events.

METHODS
Study population
The CARDIA study is the multicentre, prospective longitudinal 
study designed to investigate the evolution of CVD risk from the 
young adulthood to midlife. Between 1985–1986 (year 0 of the 
cohort), a total of 5115 black and white men and women aged 
18–30 years, from four urban US sites (Birmingham, Alabama; 
Chicago, Illinois; Minneapolis, Minnesota; and Oakland, Cali-
fornia), were recruited in the study. Until now, participant data 
have been collected across nine examination cycles including the 
initial CARDIA cohort and the follow- ups at years 2, 5, 7, 10, 
15, 20, 25 and 30 of the cohort. Details of the CARDIA study 
design and examinations have been reported previously.20 21

For the purpose of the present analysis, we included all the 
participants at year 15 (n=3671), since the initial measurement 
of CAC by CT scans was conducted at year 15 (2000–2001). 
Eight PA evaluations of the participants in the cohort were avail-
able: at the beginning of the cohort (1985–1986) and 2, 5, 7, 
10, 15, 20 and 25 years later, respectively. As figure 1 shows, 
participants were then excluded if one of the following data 
was not available: baseline CAC data (n=629), follow- up CAC 
data (n=267) or covariates data (n=273) during the observation 
period. Five subjects who had CVD events before year 15 were 
also excluded. The final study sample for this analysis was 2497 
adults (figure 1).

Measurements of PA levels
At each of the eight examinations between years 0 and 25, self- 
reported PA was assessed with the validated CARDIA Physical 
Activity History questionnaire,22–24 an interviewer- administered 
of questionnaire of participation in 13 specific categories of 
recreational sports, exercise, leisure, and occupational PA in 
the past 12 months.25 The 13 specific categories contained 8 
vigorous- intensity activities (jogging or running; vigorous racket 
sports; bicycling faster than 10 miles/hour; swimming; vigorous 
exercise class or vigorous dancing; non- work activity such as 
shovelling, weightlifting and moving heavy objects; vigorous 
work activity such as lifting, carrying or digging; other stren-
uous sports such as basketball, football, skating, and skiing) and 
five moderate- intensity activities (non- strenuous sports such as 

softball, shooting baskets, volleyball and ping- pong; walking and 
hiking; bowling or golfing; home exercise or callisthenics; and 
home maintenance or gardening).

Each activity was scored according to whether it was 
performed for at least 1- hour total time in any month during the 
past year, how many months it was performed at that level, and 
how many months it was performed at least 2–5 hours/week.22 A 
validation study showed that the activity score has a test–retest 
correlation of 0.77–0.84 over 2 weeks and was related to skin-
fold thickness, caloric intake, duration on treadmill exercise test, 
and high- density lipoprotein cholesterol (HDL- C) level,22 which 
is comparable to that of other surveys.26 27

The exercise score was computed by multiplying the number 
of months of infrequent activity (2–5 hours/week) plus three 
times the number of months of frequent activity (≥6 hours/week) 
by intensity of the activity (3–8 metabolic equivalent of tasks 
(METs)), the score was expressed in ‘exercise units’ (EU).27 The 
total PA score was the sum of over all activities. For reference, 
a total PA score of 300 EU approaches to Health and Human 
Services recommendations of approximately 150 min/week of 
moderate- intensity PA.28 As PA behaviours are complex and vary 
over the life course,19 assessing within- person trajectories of PA 
over time would better characterise the association between PA 
and CAC progression. PA trajectories were identified and cate-
gorised based on average PA levels and their change patterns 
across a 25- year span.

CAC measurements
CAC was measured at years 15, 20 and 25 using a standardised 
protocol.29 At years 15 and 20, the CARDIA study conducted 
either a cardiac- gated electron- beam CT or a multidetector CT 
depending on the study site to detect CAC. At year 25, given 
the high reproducibility at previous examinations, a single CT 
scan was performed using only multidetector CT scanners. 
The comparability of electron- beam CT and multidetector CT 
has been demonstrated previously.30 Scans were read centrally 
by a trained reader who was blinded to the participant’s 
characteristics.

CAC was scored using the Agatston method,31 which was 
calculated for each calcified lesion; and the scores were summed 
across all lesions within a given artery and across all arteries (left 
main, left anterior descending, circumflex and right coronary 
artery) to obtain the total calcium score. Baseline CAC severity 
were categorised into three levels based on the Agatston scores: 
no detectable (CAC=0), mild (0<CAC≤100), and moderate 
to severe CAC (CAC >100). CAC progression was defined as 
one of the followings: (1) CAC >0 at follow- up among partici-
pants with baseline CAC=0; 2) an annualised change of ≥10 at 
follow- up among those with 0<baseline CAC <100; 3) an annu-
alised percent change (annualised change in CAC score divided 
by the baseline CAC score)≥10% among those with baseline 
CAC≥100.21 32

Incident CVD events
The CARDIA Endpoints Surveillance and Adjudication Subcom-
mittee (ESAS), consisting of clinicians from the participating 
CARDIA field centres, used pre- established criteria to classify 
CVD events.33 Incident CVD events obtained through 31 August 
2014 of annual event ascertainment were used in this analysis.

Participants were contacted annually to inquire about interim 
hospitalisations or outpatient medical records; vital status was 
assessed by participant or by database searches at 6 month 
contacts between annual examination. The incident CVD events 

Figure 1 Flow chart for selecting the Coronary Artery Risk 
Development in Young Adults (CARDIA) study participants for analysis. 
CAC, coronary artery calcium; CVD, cardiovascular disease.
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contained fatal and non- fatal coronary heart disease, hospital-
isation for heart failure, stroke, transient ischaemic attack or 
intervention for peripheral artery disease.33 34 Two physician 
members of the ESAS independently reviewed medical records 
to classify events using specific definitions and a detailed manual 
of operations. Disagreements were resolved by full committee 
review.

Measurements of other covariates
The demographic, lifestyle and education characteristics of 
participants (eg, age, race, sex, smoking status, alcohol consump-
tion, levels of educational attainment and medication use) were 
assessed during interviews. Educational attainment was catego-
rised as ≤12 years (representing ≤high school degree), 13–16 
years (representing college degree or similar level of educa-
tion), and ≥17 years (representing >college degree, such as 
MSc, MD, JD, PhD). Smoking status was classified as current, 
former, or never. Diabetes was defined as fasting plasma glucose 
(FPG) ≥126 mg/dL or a history of hypoglycaemic medication 
use. Hypertension was defined as taking antihypertensive medi-
cations, having a diagnosis of hypertension or having three 
consecutive systolic blood pressure (SBP) readings≥140 mm Hg 
or diastolic blood pressure readings ≥90 mm Hg. Body mass 
index (BMI) was calculated as weight divided by the square of 
height (kg/m2). Laboratory tests were also performed. Briefly, 
overnight fasting blood samples were drawn using the EDTA 
vacutainers, plasma was isolated and frozen at −70℃ until 
shipment on dry ice to the laboratory.21 35 Detailed descriptions 
of measurements of total cholesterol, low- density lipoprotein 
cholesterol (LDL- C), HDL- C, triglycerides, serum creatinine 
and FPG of the participants have been published previously.32

Statistical analysis
Normally distributed continuous data were expressed as mean 
(SD), and the non- normally distributed continuous data, other-
wise, were expressed as the median (IQR). Categorical data 
were expressed as numbers (percentage). Clinical characteris-
tics at the year 15 examination (the baseline examination for 
this analysis) by PA trajectory groups were compared using χ2 
tests for categorical variables and analysis of variance or Kruskal- 
Wallis h- test when appropriate for continuous variables. The 
follow- up period was defined as the time from 2000 to 2001 
(year 15) to the incidence of CAC progression, or lost to 
follow- up, whichever occurred first. We used latent class models 
to identify different patterns of longitudinal change in PA from 
year 0 to year 25. Models were fit using R V.3.6.1 based on R 
package tidyLPA. Group- based trajectory analysis was used to 
identify clusters of individuals with similar patterns of change 
over time.36 The optimal number of trajectory groups was deter-
mined using a combination of Bayesian information criterion 
and number of observations in each group. Participants were 
assigned to the trajectory group for which they had the greatest 
posterior predictive probability. To estimate the association of 
PA trajectory groups with CAC progression, PA trajectory group 
was included as an independent variable in a Cox proportional 
hazard model examining predictors of follow- up CAC progres-
sion. We estimated the risk of CAC progression or CVD events 
by calculating HRs and 95% CIs. The adjusted model included 
baseline age, alcohol consumption, antihypertensive medication 
use, BMI, diabetes, education level, LDL- C, race, serum creati-
nine, SBP and smoking status. We further performed specified 
subgroup analysis by sex, race, BMI, status of hypertension, 
diabetes, and baseline CAC. Moreover, we used a restricted 

cubic spline regression model with three knots to assess the 
dose–response association between the single PA measured at 
year 0 or year 15 of the cohort and CAC progression.

All analyses were conducted in SPSS V.23 (SPSS) and R V.3.6.1. 
A two- sided p<0.05 was considered statistically significant.

Patient and public involvement
The CARDIA study is a pre- existing resource. Patients or the 
public were not involved in the design, conduct, reporting or 
dissemination plans of our research.

RESULTS
Baseline characteristics according to PA trajectory groups
As shown in table 1, of the 2497 eligible participants at baseline, 
1120 (44.9%) were men, and 1418 (56.8%) were white. The 
mean (SD) age was 40.4 (3.6) years, 375 (15.0%) had hyper-
tension, 126 (5.0%) had diabetes, and 230 (9.2%) had detect-
able CAC. In general, PA showed an age- related decline from 
early adulthood to midlife. However, three distinct PA trajectory 
groups were identified by using latent class models (figure 2): 
group 1 (n=1332, 53.3%) was characterised by individuals who 
engaged in PA below the guidelines, with a median PA level at 
year 0 approaching 78% of the minimum recommended by the 
guidelines; in this group, PA levels decreased during early adult-
hood and then slightly increased over time. Group 2 (n=919, 
36.8%) was characterised by individuals who engaged in PA 
meeting or slightly over the guidelines; in this group, a consis-
tent rate of decline in PA levels was observed over time. Group 
3 (n=246, 9.9%) was characterised by individuals who engaged 
in PA about three times the guidelines or more; in this group, PA 
levels increased steadily during early adulthood, reached a peak 
at year 5 and then decreased. These three groups are designated 
as ‘low’, ‘moderate’ and ‘high’ PA trajectory groups in the subse-
quent descriptions. The mean posterior probability of group 
membership was high for each trajectory group (low PA, 94.3%; 
moderate PA, 94.4% and high PA, 94.4%). The median (IQR) 
changes in PA levels from the year 0 to year 25 examinations 
by trajectory group were −60.0 (−203.5 to 52.0) EU in low 
PA, −84.0 (−304.0 to 140.0) EU in moderate PA, and −91.0 
(−461.0 to 225.0) EU in high PA trajectories (online supple-
mental table 1), respectively.

The baseline characteristics of participants by trajectory 
groups are summarised in table 1. Compared with the partici-
pants in the low PA trajectory, those in the high PA trajectory 
were younger, more often male and white. Additionally, levels 
of DBP, BMI, prevalence of hypertension, diabetes and anti-
hypertensive medication use were lower in the participants in 
the high PA trajectory than in those in the low PA trajectory. 
Higher levels of alcohol consumption, education, serum creati-
nine and baseline CAC severity were found in the high PA trajec-
tory group than in the low PA trajectory group. However, there 
were no significant differences for smoking status, SBP, serum 
lipid profiles, FPG and lipid- lowering medication use among the 
three PA trajectory groups.

PA trajectories, CAC progression and incident CVD events
No relationship was found between a single measure of PA 
(year 0 or year 15) and CAC progression using a spline regres-
sion model (online supplemental figure 1). We then evaluated 
the association between PA trajectories and CAC progression. 
During a mean (SD) follow- up of 8.9 (2.1) years, 640 (25.6%) 
participants had CAC progression. As shown in table 2, the 
prevalence of CAC progression was 321 (24.1%), 235 (25.6%) 
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and 84 (34.1%) in the low, moderate and high PA trajectory 
groups, respectively. In the unadjusted model, the risk of CAC 
progression was significantly higher in the high PA than in the 
low group (HR 1.39; 95% CI: 1.10 to 1.77, table 2), and a 
statistically significant increase of the risk of CAC progression 
remained even after adjusting for demographics and cardiovas-
cular risk factors (HR 1.51; 95% CI 1.18 to 1.94) and addition-
ally adjusting for a single PA level measured at year 0 or year 15 
(both p<0.05, table 2). However, the risk of CAC progression 
was similar between the low and moderate PA groups in unad-
justed as well as in the adjusted models (table 2, all p>0.05). 
When participants were stratified by sex, race, status of hyper-
tension and diabetes, the association between the high PA trajec-
tory group and CAC progression remained similar (figure 3). 
However, when BMI and baseline CAC were taken into account, 
the relationship was stronger in participants with BMI <30 kg/
m2, and those without detectable CAC at baseline (both inter-
action p<0.05, figure 3). Of note, the risk of CVD events was 

Table 1 Baseline characteristics of participants at year 15 stratified by PA trajectory groups

  Characteristics

Trajectory groups, Mean (SD)

P value
Total
(n=2497)

Low: Below PA guidelines
(n=1332)

Moderate: Meeting and 
slightly over PA guidelines 
(n=919)

High: About three times 
PA guidelines or more 
(n=246)

Age, years 40.4 (3.6) 40.5 (3.6) 40.3 (3.5) 39.9 (3.4) 0.008

Male, no (%) 1120 (44.9) 413 (31.0) 512 (55.7) 195 (79.3) <0.001

White, no (%) 1418 (56.8) 660 (49.5) 610 (66.4) 148 (60.2) <0.001

BMI, mean (SD), kg/m2 28.3 (6.0) 29.3 (6.6) 27.2 (5.2) 27.2 (4.5) <0.001

SBP, mean (SD), mm Hg 112.4 (14.3) 112.9 (15.2) 111.4 (13.0) 113.7 (13.8) 0.056

DBP, mean (SD), mm Hg 74.2 (11.0) 74.7 (11.2) 73.3 (10.6) 74.2 (11.4) 0.008

Smoking status, No. (%) 0.227

  Current smoker 483 (19.3) 269 (20.2) 174 (18.9) 40 (16.3)

  Former smoker 460 (18.4) 235 (17.6) 185 (20.1) 40 (16.3)

  Never smoker 1554 (62.2) 828 (62.2) 560 (60.9) 166 (67.5)

Alcohol consumption, median 
(IQR), ml/day

2.4 (0–13.2) 0 (0–8.2) 4.9 (0–16.7) 7.2 (0–21.0) <0.001

Education level, no (%) <0.001

  High school 509 (20.4) 319 (23.9) 145 (15.8) 45 (18.3)

  College 1415 (56.7) 751 (56.4) 523 (56.9) 141 (57.3)

  Graduate school 573 (22.9) 262 (19.7) 251 (27.3) 60 (24.4)

Hypertension, no (%) 375 (15.0) 243 (18.2) 108 (11.8) 24 (9.8) <0.001

Diabetes, no (%) 126 (5.0) 88 (6.6) 32 (3.5) 6 (2.4) 0.001

Antihypertensive medication, 
no (%)

168 (6.7) 126 (9.5) 35 (3.8) 7 (2.8) <0.001

Lipid- lowering medication, 
no (%)

48 (1.9) 28 (2.1) 15 (1.6) 5 (2.0) 0.721

TC, mean (SD), mg/dL 184.5 (33.9) 184.6 (33.8) 183.9 (33.3) 186.8 (37.0) 0.678

LDL- C, mean (SD), mg/dL 113.5 (31.4) 113.5 (31.2) 112.9 (31.5) 115.9 (32.7) 0.509

HDL- C, mean (SD), mg/dL 50.9 (14.4) 51.1 (14.3) 51.2 (14.7) 49.4 (14.1) 0.124

TG, median (IQR), mg/dL 82.0 (59.0–120.0) 82.0 (59.0–119.0) 81.0 (58.0–117.0) 88.0 (59.0–127.3) 0.155

Serum creatinine, mean (SD), 
mg/dL

1.0 (0.2) 1.0 (0.2) 1.0 (0.2) 1.1 (0.2) <0.001

FPG, mean (SD), mg/dL 85.7 (17.7) 86.3 (20.1) 84.5 (12.2) 87.2 (21.2) 0.119

Baseline CAC severity, no (%) 0.037

  No detectable 2267 (90.8) 1218 (91.4) 838 (91.2) 211 (85.8)

  Mild 197 (7.9) 95 (7.1) 70 (7.6) 32 (13.0)

  Moderate to severe 33 (1.3) 19 (1.4) 11 (1.2) 3 (1.2)

BMI, body mass index; CAC, coronary artery calcium; DBP, diastolic blood pressure; FPG, fasting plasma glucose; HDL- C, high- density lipoprotein cholesterol; LDL- C, low- density 
lipoprotein cholesterol; PA, physical activity; SBP, systolic blood pressure; TC, total cholesterol; TG, triglycerides.

Figure 2 Trajectories of physical activity (PA) over 25 years.
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not significantly different among the three PA trajectory groups 
in the unadjusted and adjusted models (both p>0.05, table 3).

We then explored the association between PA trajectories, 
stratified by CAC progression status, and incident CVD events. 
As shown in online supplemental figure 2, after a subsequent 

mean (SD) follow- up of 6.9 (2.1) years, a significantly higher 
incidence of CVD events was observed in participants with CAC 
progression than in those without among all three PA trajec-
tory groups (27/321 (8.4%) vs 8/1011 (0.8%), 20/235 (8.5%) 
vs 3/684 (0.4%) and 5/84 (6.0%) vs 2/162 (1.2%) in the low, 

Figure 3 Subgroup analysis of the association between physical activity (PA) trajectories and CAC progression. Cox regression was performed after 
adjustment for age, alcohol consumption, antihypertensive medication use, BMI, diabetes, education level, low- density lipoprotein cholesterol, race, 
serum creatinine, systolic blood pressure, and smoking status. *HR and 95% CI were derived from Cox regression models and low PA trajectory group 
was used as the reference in each subgroup analysis. BMI, body mass index; CAC, coronary artery calcium.

Table 2 Risk of CAC progression for PA trajectory groups

PA trajectory groups No events/total Model 1 P value Model 2 P value Model 3 P value Model 4 P value

Low 321/1332 Reference 1.0 Reference 1.0 Reference 1.0 Reference 1.0

Moderate 235/919 1.02 (0.87–1.21) 0.783 1.08 (0.91–1.29) 0.375 1.11 (0.91–1.35) 0.322 1.15 (0.94–1.40) 0.185

High 84/246 1.39 (1.10–1.77) 0.007 1.51 (1.18–1.94) 0.001 1.58 (1.14–2.19) 0.006 1.72 (1.23–2.39) 0.001

Model 1: Unadjusted.
Model 2: Adjusted for baseline age, alcohol consumption, antihypertensive medication use, body mass index, diabetes, education level, low- density lipoprotein cholesterol, race, 
serum creatinine, systolic blood pressure and smoking status.
Model 3: Adjusted for model 2 covariates plus PA score at year 0.
Model 4: Adjusted for model 2 covariates plus PA score at year 15.
CAC, coronary artery calcium; PA, physical activity.
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moderate and high PA trajectory group, respectively, all p<0.05). 
However, the incidence of CVD events in participants with CAC 
progression was identical across all three PA trajectory groups 
(p=0.736).

DISCUSSION
In this longitudinal analysis of the CARDIA cohort, we describe 
heterogeneous patterns of change in PA over a 25- year span from 
young adulthood (18–30 years) into midlife. We identify three 
distinct PA trajectories which encompasses an average level of 
PA (below the guideline recommendations, meeting and slightly 
over the guidelines and about three times the guidelines or more) 
and specific time course/change patterns over the 25 years of 
observation. We demonstrate that, high levels of PA trajectory 
beginning at a young age are independently associated with a 
higher risk of CAC progression in later midlife; whereas, a bit 
paradoxically, it does not carry a correspondingly higher risk of 
incident CVD events.

Health benefits of regular PA and exercise have been well estab-
lished, and PA is a cornerstone of maintaining and improving 
cardiovascular health.4 5 The association between the amount 
of moderate to vigorous PA and cardiovascular risk is contin-
uous with no known lower limit. This means that even engaging 
in some PA, even if less than the recommended amount, is still 
beneficial.5 Whereas, controversy exists about the upper limit, 
as to whether extreme levels of PA and exercise may lead to 
potential adverse cardiovascular outcomes.37 CAC scanning is 
one of the most powerful emerging risk assessment tools, with 
a wealth of data supporting its ability to enhance cardiovascular 
risk estimation.8 9 It should be noted that high levels of PA were 
reported to potentially increase prevalence of CAC and subclin-
ical atherosclerosis.12–14 38 However, descriptions of this rela-
tionship mostly relied only on a single- valued PA measurement 
and focused on endurance athletes, which is not representative 
of the general population and includes associated parameters 
(such as specific life habits, nutrition, supplement food or even 
medication) difficult to disentangle from the effect of the PA per 
se. Through serial PA measurements, we identified three distinct 
trajectory groups that better summarise subjects’ behaviour over 
a 25- year period of time in early adulthood than a single measure 
of PA at year 0 (beginning of the cohort) or year 15 (date of CAC 
first measurement). In addition, unlike previous studies focusing 
on elite and amateur athletes,37–39 we recruited a general popu-
lation of young adults free of CVD events at baseline. Among 
the participants in this general population cohort, our model did 
identify a group of adults with a trajectory which combines a PA 
three times the guideline recommendations or more, in average, 
and a particular pattern of change in their PA from early adult-
hood for a 25- year observation period. And for the first time we 
show that high levels of PA are associated with CAC progression 

in midlife after adjustment for traditional risk factors. Plausible 
explanations could account for this paradox. Prolonged high 
levels of PA- induced increase in cardiac output may increase 
mechanical stress on the epicardial coronary arteries, leading to 
vessel wall injury and accelerated atherosclerosis.39 Furthermore, 
high levels of PA increase blood pressure, parathyroid hormone 
levels, and several pro- inflammatory factors, all of which are 
involved in CAC progression.2 Another interesting result of 
our study was that the association of long- term, high- volume 
PA trajectory with CAC progression was especially observed in 
participants with fewer traditional risk factors, including indi-
viduals with lower BMI and subjects without detectable CAC at 
baseline. It is speculated that the potential role of high levels of 
PA on CAC progression may be overwhelmed in the individuals 
who are otherwise prone to vascular calcification, for example, 
individuals with obesity.40 Similarly, an attenuated tendency 
between high PA trajectory and CAC progression was observed 
among those individuals who already had documented CAC at 
baseline in this study. All these points should be confirmed by 
further studies.

Once CAC has been discovered, a great clinical concern is 
whether continued high levels of PA accelerate the transition 
to clinical disease, including nonfatal and fatal cardiovascular 
events.9 Although a few previous studies raised the possibility 
that long- term, high- volume endurance exercise may actually be 
deleterious to cardiovascular health,6 7 38 extensive evidence has 
demonstrated substantial all- cause and CVD- related mortality 
benefits to individuals with regular PA, even above the recom-
mended target range.41–44 In the postanalysis of 14 599 partici-
pants from the European Prospective Investigation into Cancer 
and Nutrition- Norfolk cohort, it was shown that maintaining 
at least the minimum PA recommendations (150 min/week of 
moderate- intensity PA) would potentially prevent 46% of deaths 
associated with physical inactivity.45 Additionally, a pooled data 
analysis of six studies in the National Cancer Institute Cohort 
Consortium demonstrated a benefit threshold on mortality at 
approximately 3–5 times the recommended minimum PA and 
no excess risk at 10 or more times the minimum.42 In a large 
meta- analysis of 48 studies comparing the recommended PA 
level (750 MET min/week) with higher levels of PA, Blond et 
al reported that mortality risk was lower at PA levels exceeding 
the recommendations, at least until 5000 MET min/week for 
all- cause mortality (HR 0.86, 95% CI 0.78 to 0.94) and for CVD 
mortality (HR 0.73, 95% CI 0.56 to 0.95).41 Thus, there is little 
evidence suggesting that high levels of long- term PA increase 
the risks of mortality and adverse cardiovascular outcomes in 
the general population. Although a significant increased risk 
of incident CVD events is observed in participants with CAC 
progression compared with those without in all three PA trajec-
tory groups, we demonstrate that the long- term trajectory of 

Table 3 Risk of CVD events for PA trajectory groups

PA trajectory groups No events/total Model 1 P value Model 2 P value Model 3 P value Model 4 P value

Low 35/1332 Reference 1.0 Reference 1.0 Reference 1.0 Reference 1.0

Moderate 23/919 0.95 (0.56–1.61) 0.847 1.07 (0.61–1.89) 0.806 0.93 (0.50–1.74) 0.820 1.18 (0.61–2.27) 0.623

High 7/246 1.07 (0.48–2.41) 0.866 1.01 (0.44–2.31) 0.989 0.72 (0.25–2.08) 0.546 1.24 (0.41–3.79) 0.705

Model 1: Unadjusted.
Model 2: Adjusted for age, alcohol consumption, antihypertensive medication use, body mass index, diabetes, education level, low- density lipoprotein cholesterol, race, serum 
creatinine, systolic blood pressure and smoking status.
Model 3: Adjusted for model 2 covariates plus PA score at year 0.
Model 4: Adjusted for model 2 covariates plus PA score at year 15.
CVD, cardiovascular disease; PA, physical activity.
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high- volume PA shared a similar risk of incident CVD events 
compared with the lowest PA trajectory despite having a greater 
CAC progression.

We cannot totally exclude the random effect of a relatively 
small sample size and short follow- up period on the incident 
CVD events after CAC progression, as well as the combined 
effect of fewer cardiovascular risks (such as hypertension and 
diabetes) in this CARDIA study sample, especially for the high 
PA trajectory group. In the general and patient populations, 
prevalence and severity of CAC and atherosclerotic plaques are 
strongly associated with the 5- year and 10- year risk of CVD 
events,9 yet there is strong evidence that endurance athletes 
live longer than the general population.46 It is speculated that 
the most active athletes have more often only calcified plaques 
and fewer mixed plaques, which are more stable and less likely 
to rupture47 48; this in turn would lead to a lower risk of CVD 
mortality.49 Likewise, high- intensity statin therapy increases 
CAC (at a level similar to that observed in our high PA group), 
but decreases coronary atheroma volume and cardiovascular 
risk.50 Studies on atherosclerotic plaque features in athletes and/
or in those with high- intensity statin treatment have shown a 
more stable, less inflamed plaque phenotype compared with 
their sedentary counterparts.50 51 Permanent and sustained exer-
cise may also help develop collateral circulation which might 
participate in the prevention against the occurrence of CVD 
events, including heart and peripheral artery diseases.1 Based on 
these findings, we do not recommend routine CAC screening for 
individuals purely because of their PA volumes. Instead, overall 
risk factors for CVD should be assessed comprehensively before 
starting on any interventions, including symptoms of myocar-
dial ischaemia, family history of atherosclerotic coronary artery 
disease and other factors affecting cardiovascular risk.2 52

Strengths
Several strengths of this study are noteworthy. The ongoing 
CARDIA study represents a biracial cohort beginning in young 
adulthood that has monitored participants for over 30 years, 
providing a unique opportunity to examine the association 
between PA trajectories of early adulthood and health outcomes 
later in midlife. Based on the comprehensive data, our findings 
add to our understanding of the association between PA trajecto-
ries and CAC progression with incident CVD events.

Limitations
Nevertheless, the inherent limitations should not be underesti-
mated. Since accelerometer- based PA data was only obtained at 
years 20 and 30,53 up to 5 years after the initial CAC measure-
ment, PA trajectories in this study were derived from measure-
ments by a self- reported questionnaire. However, the CARDIA 
study used a validated questionnaire for assessing PA,22–24 and 
we adopted repeated assessments of PA to minimise the possible 
effect of single measurement error. Similarly restricted by the 
CARIDA data collection,22 we cannot discriminate PA trajec-
tory types in more detail (eg, leisure time/occupational PA), 
which was recently reported to have contradictory impacts on 
mortality.54 The study included a general population of young 
adults whose upmost PA volumes seldomly reached the extent 
taken by recreational and competitive athletes as previously 
reported.38 Therefore, we cannot do a further subgroup anal-
ysis in the high PA group to detect an upwards turn in CAC 
progression, because there were only 9 (3.7%) participants in 
this group whose PA levels were comparable to elite athletes. 
In addition, with the relatively low number of total participants 

and incident CVD events in the high PA group, our results may 
be affected by sparse data bias and underpowered to make defin-
itive conclusions.55 Moreover, as for the nature of any observa-
tional studies, we cannot completely exclude the possibility of 
residual confounders completely despite our careful adjustment 
for the well- known and suspected risk factors.

CONCLUSION
We identified three distinct trajectories of PA in this prospec-
tive cohort study of young adults, and provided new evidence 
that nearly permanent PA three times the usual guideline 
recommendations or more beginning from early adulthood 
is independently associated with CAC progression in midlife; 
but carries a similar risk of incident CVD events compared 
with the lowest PA trajectory, particularly notable in partici-
pants without obvious traditional risk factors. We suggest that 
the presence of CAC among individuals engaging in long- 
term, high- volume PA early in adult life represent a clinically 
benign phenotype. The underlying pathophysiological mech-
anisms and interpretation of CAC scores in patients with high 
PA deserve further study.

Key messages

What is already known on this topic?
 ⇒ Regular physical activity (PA) confers a series of 
cardiovascular benefits by achieving and maintaining a 
healthy weight, and reducing the risk of cardiovascular 
disease (CVD).

	⇒ ➢A high level of moderate- intensity to vigorous- intensity 
PA has been reported to be at an increased risk of coronary 
artery calcium (CAC), which seems contradictory to its 
cardioprotective effects.

What this study adds?
 ⇒ In this cohort study of 2497 black and white young adults, 3 
distinct PA trajectories were identified over a 25- year span.

 ⇒ Long- term PA trajectory about three times the usual guideline 
recommendations or more, with typical patterns of changes 
over a 25- year period, carried no correspondingly higher risk 
of CVD events despite its association with CAC progression.

How this study might affect research, practice or policy?
 ⇒ The findings suggest that in the general population, as is 
suggested in professional athletes, high volumes of PA are 
independently associated with CAC progression, while no 
increased cardiovascular risk could be detected, which may 
represent a clinically benign phenotype.

 ⇒ While CAC screening can add to a comprehensive CVD risk 
assessment in adults, CAC scores should be interpreted along 
with conventional risk factors for CVD and possibly PA levels. 
More research is needed to guide interpretation of CAC 
screening in adults with high PA.
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Table S1 PA Levels at examination visits by PA trajectory groups 

 Low: Below PA guidelines  

(n=1332) 

Moderate: Meeting and slightly 

over PA guidelines (n=919) 

High: About 3 times PA 

guidelines or more (n=246) 

PA, median (IQR), EU    

Year 0 234.0 (132.0-373.0) 505.0 (355.5-679.5) 800.0 (612.0-1104.0) 

Year 2 202.0 (108.0-310.0) 472.0 (328.5-607.0) 878.0 (671.0-1056.0) 

Year 5 191.0 (101.0-291.5) 481.0 (333.0-617.5) 867.0 (672.0-1083.0) 

Year 7 159.0 (76.0-249.0) 435.0 (288.5-583.0) 761.0 (603.0-968.0) 

Year 10 155.0 (72.0-264.0) 420.0 (288.0-562.0) 756.0 (602.0-961.0) 

Year 15 168.0 (84.0-273.0) 432.0 (299.5-583.5) 798.0 (594.0-951.0) 

Year 20 156.0 (78.5-272.0) 435.0 (303.5-604.5) 736.0 (543.0-902.0) 

Year 25 157.0 (72.0-276.5) 432.0 (288.0-587.0) 711.0 (516.0-928.0) 

Change from Year 0 to Year 25 -60.0 (-203.5-52.0) -84.0 (-304.0-140.0) -91.0 (-461.0-225.0) 

Abbreviations: EU, exercise unit; IQR, interquartile range; PA, physical activity. 
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Figure S1 Hazard ratios of CAC progression by a single measure of PA at Year 0 or Year 15. Each hazard ratio was computed with a total PA 

score of 364 or 288 as the reference for PA measured at Year 0 or Year 15. Red solid line represents the hazard ratio of PA across the whole range. 

Red dotted lines represent the 95% confidence interval. Blue dotted line was the reference line as hazard ratio=1. Histograms represent the 

frequency distribution of PA. CAC, coronary artery calcium; PA, physical activity. 
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Figure S2 Incidence of CVD events per PA trajectories stratified by CAC progression status. CAC, coronary artery calcium; CVD, 

cardiovascular disease; PA, physical activity. ***P<0.001, *P<0.05. 
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