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Abstract

While poor performance during a maximal graded exercise test (GXT) predicts cardiovascular 

events and premature mortality, the potential clinical importance of non-participation in a GXT, 

either for medical or non-medical reasons, is currently unknown. Data are from 4086 and 3547 

Coronary Artery Risk Development in Young Adults (CARDIA) participants who attended the 

Year 7 (ages 25–37 years) and/or 20 exams (ages 38–50 years), respectively, which included a 

GXT. Cox proportional hazard models were used to examine the effect of GXT disposition (at 

Year 7 and 20, separately) on risk of non-fatal and fatal cardiovascular events and all-cause 

mortality obtained through 28 years of follow-up. A GXT was not conducted or completed 

according to protocol in 12.9% and 19.1% of participants attending the Year 7 and 20 exams, 

respectively. After adjustment, participants who missed the Year 20 GXT for medical reasons had 
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a higher risk of cardiovascular events [HR: 4.06 (95% CI: 1.43, 11.5)] and all-cause mortality 

[HR: 3.07 (95% CI: 1.11, 12.3)] compared to GXT completers; participants who missed at Year 20 

for non-medical reasons also had higher risk of all-cause mortality [HR: 2.53 (95% CI: 1.61, 

3.99)]. Findings suggest that non-participation in a GXT, regardless of medical or non-medical 

reason, to be an important predictor of excess risk of adverse health outcomes and premature 

mortality. Additional patient follow-up, including identification of potential targets for intervention 

(e.g., weight management and smoking cessation programs), should be conducted at the point of a 

missed GXT.
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1. Introduction

Cardiorespiratory fitness and cardiovascular response data collected as part of a maximal 

graded exercise test (GXT) protocol have consistently been shown to be predictors of non-

fatal and fatal cardiovascular events and all-cause mortality (Mozaffarian et al., 2016; Ross 

et al., 2016; U.S. Department of Health and Human Services, 2008). Further, evidence 

suggests that cardiorespiratory fitness may be a more powerful predictor of premature 

mortality than traditional risk factors, including obesity (Ross et al., 2016). While 

information gleaned from a GXT has important clinical and public health relevance, one 

important requirement is that individuals participate in the protocol. There are several 

reasons why an individual may not participate in a maximal GXT, ranging from exclusion 

for medical reasons to voluntarily opting out (Armstrong et al., 2006). The underlying 

reasons for non-participation may provide additional useful clinical information about 

overall health status that extends beyond cardiorespiratory fitness and/or cardiovascular 

response to maximal exercise.

The Coronary Artery Risk Development in Young Adults (CARDIA) Study is unique in that 

a maximal GXT was successfully completed in 4659 participants (91.1%) at Year 0 (aged 

18–30). Of the remaining 456 participants, 6.7% met medical exclusions, and 2.2% did not 

participate in the GXT for non-medical reasons; 1.2% and 0.8% of these 456 participants 

also did not take part in the GXT at the Year 7 (aged 25–37) and 20 (aged 38–50) exams, 

respectively. This comprehensive participation at the baseline exam is unusual among 

epidemiologic studies and allows for further identification of factors that can be used to 

predict subsequent risk for morbidity and mortality in a clinical setting.

In a previous CARDIA investigation (Zhu et al., 2010), several factors present at Year 0 

predicted participation in one or both of the subsequent GXTs, including white race, non-

smoker, lower body mass index (BMI), and higher reported physical activity. These findings 

serve as the basis for the current study, which was designed to examine if not participating in 

a GXT (overall, and further stratified by medical or non-medical reason) when the 

opportunity is presented is indicative of higher risk of non-fatal and fatal cardiovascular 

events and all-cause mortality over 28 years of follow-up. To optimize clinical relevance, a 
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subsequent analysis was conducted to examine differences in potential targets for 

intervention and reported medical history that were obtained at the time of the exam, by 

GXT disposition.

2. Materials and methods

2.1. Design overview and study participants

CARDIA includes 5115 adults aged 18 to 30 years at the Year 0 examination (1985–86). 

Participants were recruited from four geographical locations (Birmingham, AL; Chicago, IL; 

Minneapolis, MN; and Oakland, CA). Community-based sampling was performed in 

Birmingham, Chicago, and Minneapolis, while, in Oakland, participants were sampled from 

the membership of a large prepaid health care program. Recruitment efforts were successful 

in achieving a study population that was approximately balanced by age, race, sex, and 

education. Following the Year 0 examination, participants were re-examined 2, 5, 7, 10, 15, 

20, 25, and 30 years later. Retention among survivors at Years 7 and 20 (when the GXT was 

offered to participants) was 81% and 72%, respectively (Coronary Artery Risk Development 

in Young Adults (CARDIA) Study, n.d.). At Years 0 and 7, the GXT was incorporated as 

part of the core exam, at Year 20 it was part of the CARDIA Fitness Study. All CARDIA 

participants provided informed consent and the institutional review boards at each 

participating center approve the study annually.

2.2. Data collection

2.2.1. Participant characteristics—Standardized questionnaires were used at Year 0 

and at each follow-up visit to assess participant characteristics including, age, 

sociodemographic factors, health behaviors (including physical activity (Jacobs, 1989; 

Gabriel et al., 2014), diet (Lloyd-Jones et al., 2010), and smoking status), and reported 

medical history. All data collection measures are publicly available through the CARDIA 

website (http://www.cardia.dopm.uab.edu/) (Coronary Artery Risk Development in Young 

Adults (CARDIA) Study, n.d.).

2.2.2. Anthropometric measures—Height (stadiometer) and weight (balance-beam 

scale) were measured with the participant lightly clothed and without shoes (Cutter et al., 

1991). BMI was calculated as weight (kg) divided by height squared (m2). Waist girth was 

measured to the closest 0.5 cm using anthropometric tape at the natural waist, midway 

between the iliac crest and the lowest lateral portion of the rib cage and anteriorly midway 

between the xiphoid process of the sternum and the umbilicus, at end-expiration.

2.2.3. Cardiovascular risk factors—Systolic and diastolic blood pressure was measured 

on the right arm, three times following 5-min of seated rest; the average of the last two 

measures was used. Blood samples were drawn from the antecubital vein for determination 

of insulin, glucose, and lipid concentrations. Insulin (Year 0) was measured by immunoassay 

(Herbert et al., 1965), and glucose was measured using the hexokinase-UV method (Manolio 

et al., 1990). Total cholesterol and triglyceride levels were enzymatically determined 

(Warnick, 1986). High density lipoprotein cholesterol (HDL-c) was measured after dextran 
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sulfate-magnesium precipitation (Warnick et al., 1982), and low density lipoprotein 

cholesterol (LDL-c) was estimated using the Friedewald equation (Friedewald et al., 1972).

2.2.4. Exposure: GXT disposition—The CARDIA GXT was designed to assess 

maximal, symptom-limited cardiorespiratory fitness and utilized a modified Balke protocol 

(Sidney et al., 1992). This protocol included the following components: screening for 

medical eligibility; participant preparation for electrocardiogram (ECG); resting (supine) 12-

lead ECG; pre-exercise (standing) 3-lead ECG and blood pressure; exercise on the treadmill 

(up to nine, 2-minute stages of increasing difficulty); recovery following exercise; and 

participant discharge.

At each visit, GXT disposition was determined using information obtained prior to (i.e., 

when ascertaining medical eligibility) and during the GXT protocol. Based on this 

information, participants were classified into one of three groups, including: (1) normal 

participation, defined as those with symptom limited maximal treadmill duration data from 

the GXT, (2) medical exclusion, operationalized as those meeting standard medical 

exclusions prior to (e.g., history of cardiac conditions) or during (e.g., abnormal blood 

pressure response) the GXT, or (3) other, no GXT defined as those who were (a) sick or 

injured on the day of the exam visit, and not rescheduled, (b) equipment malfunction on the 

day of the exam visit, and not rescheduled, or (c) participant refusal. For preliminary 

analysis, the medical exclusion, and other, no GXT categories were collapsed and labeled as 

missed GXT (versus normal participation).

2.2.5. Outcomes: cardiovascular morbidity and mortality and all-cause 
mortality—The CARDIA Endpoints Surveillance and Adjudication Subcommittee 

(ESAS), consisting of clinicians from all participating CARDIA field centers, uses pre-

established criteria to classify morbidity endpoint events and underlying cause of death: 

http://www.cardia.dopm.uab.edu/images/more/recent/

CARDIA_Endpoint_Events_MOO_v03_20_2015.pdf. Non-fatal and fatal cardiovascular 

events and deaths obtained through 28 years of annual event ascertainment through August 

31, 2014 were used in analysis.

Every 6 months the participants were contacted by his/her field center to ascertain vital 

status and update contact information. For participants that could not be contacted, vital 

status searches were done annually, using various resources (e.g., social security death index, 

obituary search engines, contacting participant next-of-kin and/or friends). National Death 

Index searches were completed every 5 years. Medical records were requested for all 

suspected cardiovascular events; death certificates and autopsy reports (if performed) were 

requested for all deaths. When more information was needed, a member of the study team 

interviewed the next-of kin or an informed witness. Two members of the ESAS reviewed 

each record, applying standard outcome definitions to classify events; (Luepker et al., 2003; 

Rosamond et al., 2012; Madden et al., 1995; Adams et al., 1993; Easton et al., 2009) 

disagreements were resolved by the full CARDIA ESAS Committee (Armstrong et al., 

2014).
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2.3. Statistical analysis

Participant Year 0 characteristics were reported, stratified by Year 7 (and then, Year 20) 

GXT disposition categories (3-level variable) as mean with standard deviations (SD) 

reported for continuous variables and frequencies and proportions for categorical variables. 

Either Chi Square (χ2) tests or analysis of variance (ANOVA) was used to examine 

differences in Year 0 characteristics by GXT disposition.

Cox proportional hazard models were used to examine the effect of GXT disposition status 

(at Year 7 and 20, separately) on risk of non-fatal and fatal cardiovascular events and all-

cause mortality through 28 years of follow-up. Minimally-adjusted models included: age 

(Year 7 or 20), race, sex, center, smoking status (never, current, former at Year 0 and Year 7 

or 20), total self-reported physical activity (Year 0 and Year 7 or 20), BMI (Year 7 or 20), 

total cholesterol (Year 7 or 20), systolic blood pressure (Year 7 or 20), and cumulative 

incidence of type 2 diabetes mellitus (Year 7 or 20). Fully adjusted models also included 

Year 0 GXT duration. All covariates were selected a priori based on established associations 

with the exposure and/or outcome variables. Initial models included the two level exposure 

variable [missed GXT vs. normal participation (reference group)]. Then, all models were re-

run using the three level exposure variable [other, no GXT or medical exclusion vs. normal 

participation (reference group)]. The unadjusted probability of an event during follow-up 

was plotted using the Kaplan-Meier method (Kaplan and Meier, 1958).

Differences in potentially modifiable risk factors and reported medical history, obtained at 

the time of the exam, by GXT disposition were determined using χ2 tests. In women, 6.3% 

(n = 103) and 1.4% (n = 24) reported either being pregnant or suspected pregnancy at the 

Year 7 and 20 exams, respectively. While not an overt contraindication, maximal exercise 

testing is not recommended in pregnant women (American College of Sports Medicine, 

2015). Therefore, a sensitivity analysis was conducted excluding these women to determine 

if risk estimates differed. All statistical significance tests were two-sided with a type I error 

level set at p < 0.05. All analyses were generated with SAS/STAT software, version 9.4 

(Cary, NC).

3. Results

As shown on Table 1, 3560 participants [87.1% of Year 7 attendees (n = 4086)] took part in 

the GXT protocol, 4.7% and 8.1% did not participate in the GXT due to medical or non-

medical reasons, respectively. At Year 20, 2870 participants [80.9% of Year 20 attendees (n 

= 3547)] took part in the GXT protocol, 1.6% and 17.5% did not participate in the GXT due 

to medical or non-medical reasons. Across both exam years, individuals classified as other, 

no GXT had the lowest mean values of reported vigorous intensity physical activity (both p 

< 0.05) and GXT duration (both p < 0.001), and highest mean BMI (also highest proportion 

classified as obese), waist circumference, and triglycerides at Year 0 (all p < 0.001). Those 

with medical exclusions had the highest proportion of participants with fair/poor self-rated 

health (both p < 0.001) and highest mean values of insulin (both p < 0.001) at Year 0.

The risk of non-fatal and fatal cardiovascular events and all-cause mortality of those that 

missed the GXT (for any reason), compared to those who participated in the GXT protocol, 
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at Year 7 and 20 are shown in Table 2. In the minimally adjusted models, participants that 

missed the GXT at Year 7 had a higher risk of non-fatal and fatal cardiovascular events and 

all-cause mortality through 28 years of follow-up, compared to the normal participation 

group [HR: 1.58 (95% CI: 1.04, 2.41) and HR: 2.04 (95% CI: 1.42, 2.91), respectively]. The 

risk estimates were attenuated after additional adjustment for GXT duration at Year 0, but 

remained statistically significant for all-cause mortality [HR: 1.58 (95% CI: 1.05, 2.36)]. 

Based on the minimally adjusted models, participants that missed the GXT at Year 20 had a 

higher risk of non-fatal and fatal cardiovascular events and all-cause mortality than those 

that participated in the GXT protocol. Findings were similar in the fully adjusted models 

[HR: 1.66 (95% CI: 1.03, 2.70) and HR: 2.60 (95% CI: 1.76, 4.05), respectively].

Table 3 presents the risk of non-fatal and fatal cardiovascular events and all-cause mortality 

through 28 years of follow-up using the 3-level GXT disposition exposure variable. At Year 

7, results from minimally adjusted models suggest that those with medical exclusions had a 

statistically significant increased risk of non-fatal and fatal cardiovascular events and all-

cause mortality, respectively, compared to those that participated in the GXT protocol. Also, 

participants classified as other, no GXT had a statistically significant increased risk of all-

cause mortality. After full adjustment, the higher risk of non-fatal and fatal cardiovascular 

events among those with medical exclusions (versus normal participation) was borderline 

statistically significant [HR: 1.59 (95% CI: 0.99, 2.56)]. At Year 20, compared to those with 

normal participation, results from the minimally adjusted models showed participants with 

medical exclusions had a significantly higher risk of non-fatal and fatal cardiovascular 

events and participants classified as other, no GXT had a significantly higher risk of non-

fatal and fatal cardiovascular events and all-cause mortality. After full adjustment, compared 

to those with normal participation, individuals with medical exclusions had a significantly 

higher risk of non-fatal and fatal cardiovascular events [HR: 4.06 (95% CI: 1.43, 11.5)] and 

all-cause mortality [HR: 3.70 (95% CI: 1.11, 12.3)]; participants classified as other, no GXT 

had a higher risk of all-cause mortality [HR: 2.53 (95% CI: 1.61, 3.99)]. The Kaplan-Meier 

curves showing the probability of non-fatal and fatal cardiovascular events and all-cause 

mortality from the time of the GXT through the follow-up period are shown in Fig. 1 (Panels 

A–D). When women reporting or suspecting pregnancy were excluded from the main 

analysis, findings were generally similar (data not shown). The one exception was that the 

risk estimate of all-cause mortality among participants excluded from the Year 7 GXT for 

medical reasons (versus normal participation) reached statistical significance [HR: 1.64 

(95% CI: 1.02, 2.64)].

To optimize clinical relevance, Table 4 shows differences in potentially modifiable risk 

factors measured at the time of the Year 7 or Year 20 exam by GXT disposition status. 

Participants meeting medical exclusions had the highest proportion of prevalent 

hypertension (Year 20) and hypercholesterolemia (Year 7) and had the lowest proportion 

meeting physical activity guidelines (Years 7 and 20). Participants classified as other, no 

GXT had the highest proportion of prevalent hypertension (Year 7), type 2 diabetes (Year 7), 

unfavorable diet composition (Year 7 and 20), overweight or obesity (Year 7 and 20), and 

current smoker (Year 7 or 20). Differences in reported medical conditions collected at the 

Year 7 and 20 exams by GXT disposition status are also shown in Supplemental Table 1. Of 

note, the percentage of participants reporting a medical problem that limits exercise, was 
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highest in those meeting medical exclusions at Year 7 and 20 (30.9% versus 37.5%). 

However, participants classified as other, no GXT had a higher prevalence than those with 

normal participation (Year 7: 27.0% versus 16.4%) and Year 20: 26.5% versus 15.5%, 

respectively).

4. Discussion

The principal finding of the current study supports the premise that non-participation in a 

GXT may be clinically meaningful, rather than something to disregard or ignore. 

Specifically, study findings suggest a statistically significantly higher risk of non-fatal and 

fatal cardiovascular events in CARDIA participants who did not participate in the GXT (for 

any reason) at Year 20, as well as a statistically significantly higher risk of all-cause 

mortality in CARDIA participants who did not participate in the GXT (for any reason) at 

Year 7 and/or 20 through 28 years of follow-up. Upon further stratification, compared to 

those with normal participation, individuals that met medical exclusions at Year 7 and 20 

had a statistically significant higher risk of all-cause mortality; a finding that was remarkably 

also shown in those who missed the Year 20 GXT for non-medical reasons, including 

refusal. However, these findings should be interpreted with caution given that non-

participation in a GXT protocol that is part of a research study may be different than non-

participation in a clinical setting.

In a recent Scientific Statement by the American Heart Association (AHA), Ross et al. (Ross 

et al., 2016) argues that the addition of cardiorespiratory fitness to more traditional 

cardiovascular risk factors would improve overall risk prediction for adverse events. Further, 

unlike current clinical practice, Ross and colleagues advocate for the implementation of 

routine cardiorespiratory fitness testing, ideally using a maximal GXT protocol, in all adults. 

Authors (Ross et al., 2016) argue this more widespread implementation would provide 

physicians with new opportunities to intervene, including encouraging physical activity 

participation to optimize cardiovascular health (Kokkinos et al., 2010; Kodama et al., 2009; 

Laukkanen et al., 2010). While Ross et al. (Ross et al., 2016) make a compelling case, the 

underlying assumption is that the patient is either sufficiently healthy (does not meet medical 

exclusions) and/or willing to participate in the GXT protocol. In CARDIA, GXT data were 

not available for 12.9% and 19.1% of participants attending the Year 7 and 20 exams, 

respectively. This represents a substantial proportion of individuals who would, theoretically, 

not benefit from patient counseling and intervention that poor performance on a GXT would 

elicit. Our study can inform future recommendations related to the importance of 

cardiorespiratory fitness as a clinical vital sign because findings suggest that missing a GXT 

may also be considered an indicator of underlying risk.

In terms of clinical action, rather than disregarding or ignoring a missed GXT, our findings 

suggest that physicians should be aware of this higher mortality risk and conduct additional 

follow-up to better understand the underlying reasons for non-participation and intervene, as 

necessary. While subsequent intervention is routine among patients that meet medical 

exclusions for the GXT, our findings suggest that additional patient follow-up may also be 

warranted for patients that cancel or do not show up for their scheduled GXT. Based on the 

Kaplan-Meier curves, the probability of an adverse event gradually increased overtime; risk 
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was not immediate. This suggests the availability of several years for physicians to 

potentially counsel patients and implement treatment plans to reduce risk and optimize 

cardiovascular health (Lloyd-Jones et al., 2010). Further, individuals that did not participate 

in the GXT for non-medical reasons, had underlying – yet, modifiable –conditions and/or 

risk behaviors at the time of the exam that may explain non-participation. For example, 

across both exams, participants classified as other, no GXT had the highest proportion of 

overweight/ obesity and current smokers; therefore, focused behavioral intervention 

(including diet modification) for weight reduction or smoking cessation may have reduced 

risk of premature mortality. These findings illustrate the potential utility of conducting 

additional follow-up with the patient immediately following a missed GXT. However, 

additional studies are needed that utilize a clinical population to confirm these findings.

Current study findings also have implications for exercise training and epidemiologic 

studies. Clearly, maximal testing provides important information on underlying physiology 

at the outer limits of functional capacity. However, maximal testing can lead to biased 

samples, in that they only include those who are physically able and willing to undergo such 

testing. In turn, this greatly limits our understanding of the functional capacity (and related 

health consequences) of this at-risk population sub-group and supports the importance of 

missing data. Future studies should consider using all available information, including 

whether the individual participated in the protocol or not, when evaluating health risk.

Observational studies like CARDIA which included a GXT in a “take all comers” sample 

with no restriction on presumed exercise capacity may provide a real-life representation of 

the determinants and health consequences of being excluded and/or opting out of a maximal 

GXT protocol; findings that cannot be replicated with an experimental study design. Further, 

the results of the current study are directly applicable to the AHA Scientific Statement by 

Ross et al. (Ross et al., 2016), which encourages conduct routine cardiorespiratory fitness 

assessment in all adults to improve risk stratification and reduce the substantial public health 

burden attributable by cardiovascular diseases in the U.S. (Benjamin et al., 2017) However, 

as previously mentioned, studies using a clinical sample are still needed to confirm our 

findings. Other strengths include the use of adjudicated cardiovascular events and death and 

repeated measures of cardiorespiratory fitness that reflect important stages of adulthood. 

There are also limitations to consider including the relatively low number of cardiovascular 

and mortality events in CARDIA, which is largely a reflection of the still relatively young 

cohort. Further, results were limited to CARDIA participants that attended the Year 7 and 20 

exams, which may influence external study validity. Also, the low sample sizes in the 

medical exclusion group at Year 20 (n = 56) resulted in large confidence intervals around the 

risk estimate, which reduces precision. Finally, in CARDIA the GXT was offered at no-cost 

to participants; therefore, we were unable to evaluate the health risks associated with not 

completing the test for monetary reasons, including lack of health insurance.

5. Conclusions

To our knowledge, this is the first study that examined the potential clinical importance of 

not participating in a GXT when the opportunity was provided, in relation to risk of non-

fatal and fatal cardiovascular events and all-cause mortality. The research and clinical 
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community should recognize the inherent bias when evaluating health risks only among 

individuals that are able and willing to perform a GXT. Also, physicians should conduct 

additional follow-up with patients unwilling to perform a GXT to identify possible targets 

for subsequent intervention to reduce risk for adverse events and optimize overall 

cardiovascular health.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
(Panels A–D). Kaplan-Meier Curve of non-fatal and fatal cardiovascular events and all-cause 

mortality during follow-up after the Year 7 (1992–93) or Year 20 CARDIA Exams (2005–

06).
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