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Abstract

Background: This review aims to (1) consolidate evidence regarding the association between socioeconomic status
(SES) and cardiorespiratory fitness (CRF), (2) conduct a meta-analysis of the association between SES and CRF using
methodologically comparable data, stratified by sex, and (3) test whether the association varies after adjustment for
physical activity (PA).

Methods: A systematic review of studies from MEDLINE, EMBASE, Latin American and Caribbean Health Sciences
(LILACS), Scientific Electronic Library Online (ScIELO), and Cochrane Library without time or language restrictions,
which investigated associations between SES and CRF. Risk of bias within studies was assessed using a customized
quality assessment tool. Results were summarized in table format and methodologically similar studies were
synthesized using meta-analysis of Hedges’ g effect sizes. Synthesized results were appraised for cross-study
bias. Results were tested for the impact of PA adjustment using meta-regression.

Results: Compared to individuals with low education, both men and women showed higher CRF among
individuals with high education (men 0.12 [0.04–0.20], women 0.19 [0.02–0.36]), while participants with medium education
showed no significant difference in CRF (men 0.03 [− 0.04–0.11], women 0.09 [− 0.03–0.21]). Adjustment for PA did not
significantly impact the association between education and CRF.

Conclusions: There is fair evidence for an association between high levels of education and increased CRF. This could
have implications for monitoring, of health target compliance and of chronic disease risk among higher risk populations,
to detect and prevent non-communicable diseases (NCDs) and to diminish social health inequalities.

Trial Registration: PROSPERO, CRD42017055456
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Key Points

� Systematically reviewed studies predominantly

observed a positive association between

socioeconomic status and cardiorespiratory fitness

among men and women.

� The meta-analysis of the most frequently reported

association between education and cardiorespiratory

fitness showed a significant positive association for

men and women when comparing the highest with

the lowest of three education groups.

� Adjustment for physical activity did not affect the

association between education level and

cardiorespiratory fitness in the meta-analysis.

Background
In 2005, chronic disease deaths were double the number

of deaths resulting from infectious diseases (HIV/AIDS,

TB, and malaria), maternal and perinatal conditions, and

nutritional deficiencies combined [1]. Similarly, in 2015,

40 million or 70% of all-cause deaths globally were a re-

sult of chronic disease [2], a figure expected to increase

to 52 million non-communicable disease (NCD) deaths

by 2030 [3].

Socioeconomic status (SES), as defined by education,

occupation, and income [4] plays a major role in the dis-

tribution of NCDs [5]. Evidence from high-income

countries shows NCD burden effectively shifts to those

with lower SES over time [6, 7]. Potential shift of disease

burden to the poor, paired with increasing NCD and

communicable disease burden on clinical and prevention

resources means that individuals from lower SES groups

may receive inadequate care, making them a priority for

early prevention and monitoring. In fact, the World

Health Organization (WHO) ranks monitoring and sur-

veillance of risk factors as a top priority to tackle grow-

ing NCD epidemics in low-resource settings [8].

There is clear consensus in the literature that cardiore-

spiratory fitness (CRF), or “the ability of the circulatory

and respiratory systems to supply oxygen during sus-

tained physical activity (PA)” ([9], p. 53), measured at

gold standard as maximal oxygen output, or VO2max

obtained during maximal treadmill or ergometer testing

[10, 11], is as important as PA [12–14], if not more im-

portant [15], for the prediction of future adverse health

outcomes, including adverse cardiovascular events and

all-cause mortality [16]. CRF is also often an objective

measure of fitness, while PA, defined as bodily move-

ment produced by skeletal muscles that require energy

expenditure [9], is often self-reported behavior. The ob-

jective nature of CRF testing makes it the most reliable

test of fitness for use in large-scale, population-based

studies. Furthermore, directly measured fitness is more

strongly associated with a protective cardiovascular risk

profile than self-reported PA level [17], helping practi-

tioners more accurately separate individuals with high

long-term risk (25 years) for NCDs from those with low

long-term risk.

As clinical and preventive resources stretch to meet

increasing disease burden, it becomes essential to invest

in interventions for early detection and treatment of

NCDs, thereby reducing the need for additional or more

expensive treatment in the future, and long-term eco-

nomic burden [18]. Establishment of a relationship be-

tween SES and CRF may be helpful in accurately

targeting the most at-risk groups for timely NCD pre-

vention and early detection and treatment. To our

knowledge, there are currently no systematic reviews ad-

dressing the relationship between SES and CRF in the

general, adult population.

The overall aim of this systematic review is to (1)

review and consolidate evidence from the literature re-

garding the association between SES and CRF, (2) con-

duct a meta-analysis of the association between SES and

CRF using methodologically comparable data sources,

stratified by sex, and (3) test whether association varies

with adjustment for PA using meta-regression. We strat-

ify by sex because sex differences in CRF are well docu-

mented [19–21] but also because identifying and

addressing gender inequality in health is a priority for

international health professionals [22]. We also test for

the effect of adjustment for PA, because PA partially, but

not exclusively [23], leads to CRF [24–27] and may influ-

ence the relationship between SES and CRF.

Methods

Protocol and Registration

This review was conducted as part of a larger research

project investigating the personal and interpersonal cor-

relates and/or determinants of CRF in adults. It is a sub-

set of a broader systematic review that was registered at

International Prospective Register of Systematic Reviews

(PROSPERO): CRD42017055456. The systematic review

protocol was published elsewhere in detail [28]. Instead

of all determinants and correlates of CRF, the current

review focuses on the association between SES and CRF.

Literature Search and Selection Criteria

We conducted our search for journal-published articles

in the MEDLINE (1965 to present), EMBASE (1947 to

present), Latin American and Caribbean Health Sciences

(LILACS, 1982 to present), Scientific Electronic Library

Online (ScIELO, 1998 to present), and Cochrane Library

literature databases. We additionally searched the

Google Scholar grey literature database. In addition to

electronic literature databases, the reference lists of all

articles selected for full-text screening were hand

searched for relevant studies not found in the electronic
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database search. The final database search was updated

on October 30, 2017.

No date, language, article type, or text availability fil-

ters were applied. All search results were imported into

the reference management software, Endnote X7

(Thomas Reuters, USA), and duplicates were removed.

The current review includes quantitative observational

(cohort studies, case-control studies, and cross-sectional

studies) and experimental studies that report on the

association between SES and CRF in the general adult

population.

Eligible SES indicators were any acknowledged re-

source or prestige-based measure of position within a

societal structure [3, 29] defined according to the MeSH

(medical subject headings) term “Socioeconomic

Factors” and equivalents. The Socioeconomic Factors

MeSH term includes sub-headings such as educational

status, employment status, income, occupation including

career mobility, poverty including poverty areas (defined

as city, urban, rural, or suburban areas which are charac-

terized by severe economic deprivation and by accom-

panying physical and social decay), family characteristics

(including family demography and family life surveys),

social change, social class including social mobility and

social conditions. Individual, household and area-based

SES indicators as well as social mobility indicators were

included.

Eligible CRF indicators were any acknowledged object-

ive measures of CRF derived from maximal or submaxi-

mal incremental cardiopulmonary exercise testing

(CPET) on a treadmill or cycle ergometer. Oxygen

consumption indicators, either directly measured with

spiroergometric gas exchange measurements or indir-

ectly estimated with metabolic equations, were included.

Maximal oxygen consumption (VO2max) is defined as

the oxygen consumption, in millimeter/(kilogram per

second), during exercise, at which actual oxygen con-

sumption reaches a maximum which cannot be in-

creased with an increase in effort (plateau), while peak

oxygen consumption (VO2peak) is the highest VO2 value

obtained on a particular test, regardless of the subject’s

effort [30, 31]. Throughout the following, we will use the

abbreviation VO2max, for both VO2max and VO2peak indi-

cators. In addition to VO2max, the following CRF indicators

were included: physical working capacity in watts at variable

and fixed heart rate thresholds (e.g., PWC75%, PWC170),

time in seconds to heart-rate threshold (e.g., WL130), energy

expenditure in METs (metabolic equivalents), and total

exercise duration in seconds.

The following exclusion criteria were applied: (1) stud-

ies measuring the impact of interventions designed to

increase PA or CRF; (2) studies including only children,

or adolescent participants (0–18 years) or elderly partici-

pants (90 years or older); (3) studies with sample sizes of

less than 300 participants (considered too small to be

representative of the general adult population [32], and

the minimum sample size required for precise estimates

of population mean differences [33]); (4) studies where

participants were not representative of the general adult

population (e.g., highly select populations, individuals

from occupational groups with elevated PA, such as

military groups or firefighters, symptomatic, or institu-

tionalized individuals; (5) studies reporting only mea-

sures of childhood SES, such as family demographics

and indicators found in family life surveys (because these

SES measures are family based and do not always reflect

an individual’s own SES in adulthood); and (6) reviews,

letters to the editor, commentaries, or editorials.

Two reviewers (NP, KO) independently reviewed titles

and abstracts of all references identified from databases

and additional literature sources. Articles that were not

excluded at this stage were further reviewed for inclu-

sion, based on the publication’s full text, by reviewers

(NP, KO); disagreements were resolved by a third re-

viewer (JF). Additional details about study selection are

published elsewhere [28]. At all stages, disagreement

between first and second reviewers was resolved by dis-

cussion. All studies examining the association between

participant SES and CRF were included for data extrac-

tion and systematic review. In some cases,

population-based studies had measured but not reported

participant SES (n = 4). These studies were neither ex-

cluded, nor extracted, but were reserved for author

follow-up. Articles based on population-based studies

that were reserved for author follow-up were only

included for systematic review if authors responded with

supplementary data. All other studies were excluded

from the systematic review. Studies included for

meta-analysis were only those included for systematic

review with directly comparable exposures of interest.

Data Coding and Assessment of Methodological Quality

Studies were coded for study characteristics, methods,

population characteristics, exposures and outcome vari-

ables, main results including method of analysis and

confounders adjusted, as well as major limitations

reported by the authors.

Supplementary details about data extraction process

are published elsewhere [28]. All data were extracted by

two reviewers (KO and JZ). In several cases, we con-

tacted authors requesting additional data. Additional

author requests were made when studies presented in-

sufficient measure of the association between SES and

CRF, or when population-based studies that were re-

served for full-text screening, measured, but did not

present data on the association SES and CRF.

Risk of bias within each study was independently

assessed by two reviewers (JZ, KO) using a customized
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version of the Quality Assessment Tool for Observa-

tional Cohort and Cross-Sectional Studies by the

National Heart, Lung and Blood Institute at the

National Institutes of Health, USA [34]. Risk of bias

was categorized as “high” when a study reached ≤

49% “requirement fulfilled” score, “moderate” when a

study reached 50–75% “fulfillment” score, and “low”

at ≥ 75% “fulfillment” score. Supplementary details

about risk assessment procedure are published else-

where [28], results of the risk of bias assessment are

available in Table 1. Additional sensitivity analysis, using

risk of bias score to test the effect of study quality on the

association between SES and CRF, was to be conducted if

methodologically similar studies, included for

meta-analysis, varied in risk of bias score.

Statistical Analysis

After completion of the author requests for additional

data, results of the systematic review were summa-

rized in table and narrative format. Comparable data

was only obtained for the relationship between educa-

tion and CRF (n = 3). In order to pool results for

meta-analysis, we standardized education categories

across population-based studies into three main cat-

egories according to the CASMIN educational classifi-

cation—high, medium, and low [35]. We also

standardized the outcome measurement using

VO2max, in millimeter/(kilogram per second), calcu-

lated according to the American College of Sports

Medicine equation: 3.5ml × min−1 × kg−1 + 12.24 ×

wmax × bodyweight−1 [36, 37] or directly measured

with Spiroergometry (ml/min). Individual study results

were standardized using the Hedges’ g effect size [38]

calculated as ES = (((mean difference between refer-

ence and comparison categories)/(pooled and

weighted standard deviation)) × correction factor (J))

to determine the overall association between educa-

tion and CRF. The standardized effect sizes were then

included in a random effects meta-analysis according

to the DerSimonian and Laird [39] methodology; this

was pre-specified due to the expected heterogeneity

of outcome and exposure measurements in the under-

lying studies and also because it was expected that

the effect of SES on CRF varies by context, and

therefore that analysis would estimate the distribution

of these effects, rather than estimating one true effect

of SES on CRF. Our final meta-analysis model ad-

justed for the set of confounders adjusted for in all

studies: age, PA, waist circumference (WC), body

mass index (BMI), and alcohol consumption. Data

analysis was performed using STATA Version 14 stat-

istical software (Stata Corporation, College Station,

TX, USA). Increases in CRF were reported as positive

values and high and medium educational categories

were compared to the referent low educational

category so that positive CRF illustrated improvement

in the comparison over the referent education cat-

egory. Data are reported as mean ± 95% confidence

interval (CI).

The I2 statistic (percentage of variance in the

study-specific point estimates that is attributable to true

between-study heterogeneity as opposed to sampling

variation) was used as an indicator of study heterogen-

eity or risk of bias across studies. Evidence of heterogen-

eity was determined by a p value < 0.1 [40], to address

the low power of the statistical test resulting from lim-

ited number of studies included for meta-analysis. The

meta-analysis was stratified by sex and included add-

itional sensitivity analysis to test differences, in the

synthesized association between SES on CRF, with and

without adjustment for PA. Differences were tested using

meta-regression. Previously mentioned additional sensi-

tivity analyses were pre-specified. Post-hoc analysis

adjusting NHANES data for race was performed.

Results
Study Characteristics

A PRISMA flowchart depicting the article selection

process can be found in Fig. 1. An updated search was

conducted in October 2017, resulting in no new results.

A total of 3233 studies were identified from electronic

databases, and 218 articles were identified from add-

itional literature sources. After title and abstract screen-

ing, 346 articles were included for full-text screening, of

which 329 were subsequently excluded. Four articles

reporting data from population-based studies were

reserved for author follow-up because they measured,

but did not report on the association between SES and

CRF. In total, 15 studies were included for systematic

review and three were included for meta-analysis, result-

ing in four population-based studies for meta-analysis

(since one study contained two independent cohorts).

In our search we did not exclude experimental studies,

although it is difficult to imagine examples of experi-

mental studies designed to modify SES, in order to

improve CRF. Ultimately, however, all included studies

were observational, since no experimental studies ful-

filled the eligibility criteria. The associations between

SES exposures and CRF found in the systematic review

(positive, negative, U-shaped (all variants), and not

significant), are presented in Tables 2 and 3 according to

socioeconomic exposure.

Studies were cross-sectional (n = 14) and cohort (n = 1).

Sample sizes ranged from 528 to 4968 participants. Stud-

ies included participants aged 16–85 years. Studies were

conducted across a span of 41 years—from 1971 to 2012;

four were conducted between 1971 and 1990; one study

spanned from 1985 to 2006; eight were conducted
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between 1992 and 2011; and two contained end

points after 2011. Studies were from the US (n = 6),

Finland (n = 2), Germany (n = 2), Norway (n = 1),

Sweden (n = 1), Ireland (n = 1), Israel (n = 1), and

Australia (n = 1). Most common confounders adjusted

for were age, PA, alcohol consumption, BMI, and

WC. One study fulfilled all methodological quality

criteria, six studies had low risk of bias, and eight

studies had moderate risk of bias. The major risk of

bias across studies was participant selection methodology

i.e. sampling method other than probability-based

sampling.

Outcome: CRF

Included studies (n = 15) were heterogeneous with re-

spect to measurement of CRF. CRF was measured and

reported as estimated VO2max (ml/kg min) in six studies,

while two studies directly measured VO2max using

breath analysis (l/min). Three studies measured and re-

ported CRF as exercise duration (seconds), in some cases

additionally paired with a heart-rate indicator (WL130).

Two studies measured and reported METS (energy ex-

penditure during treadmill testing). Indicators reported

by only one study include PWC75% (physical working

capacity at 75% of the predicted maximal heart rate,

watts) and longitudinal fitness categories constructed

using PWC170 (watts). Specific details about CRF meas-

urement can be found in Tables 2 and 3.

Exposure: SES Indicators

Categorical education (years), the most frequent indica-

tor, was presented in 11 studies; 10 studies reported own

education, and 1 study reported longitudinal educational

mobility categories. Other SES exposures included com-

posite measures of SES combining several indicators

(high, medium, low, n = 3), residential area-level SES

Fig. 1 Search strategy: PRISMA flow diagram. TIAB, title abstract
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(high, medium, low, n = 2), own occupation (n = 2), in-

come based indicators (n = 2), and employment status

(employed or unemployed, n = 1).

Results of Individual Studies by Exposure

Socioeconomic exposures excluded from meta-analysis

generally showed a positive relationship between SES

exposure and CRF measure of interest. Individual studies

within the primary exposure for meta-analysis, educa-

tion, generally showed a positive relationship between

high education and CRF measure of interest. Three stud-

ies showed a u-shaped relationship.

Education

Four studies [41–44] observed a positive association

between education and VO2max (p < 0.05, 0.01 < p < 0.05,

p < 0.01, p < 0.001). The study [45] observed that VO2max

increased with education among women (p < 0.056), but

only high education improved CRF relative to low edu-

cation among men (p < 0.009). Exercise duration from

one study [46] increased most when comparing the

highest and lowest education categories (p < 0.01). Two

studies [47, 48] presented a positive association between

education and CRF that varied by ethnic subgroup.

Study [47] observed a significant positive association be-

tween education and CRF, among Hispanic Americans

only (p = 0.01). The study [48] observed higher positive

association between education and exercise duration

among white participants (p < 0.001), compared to black

participants (p < 0.05). The increase in exercise duration

with education was higher among white men and

highest among white women but was non-significant

among both subgroups for WL130. Black males

showed increase in WL130 with education (p < 0.05),

while black women showed no significant associations

for either measure of CRF.

Three studies [46, 49, 50] observed a u-shaped associ-

ation between education and CRF. Among the studies

reporting an inverted u-shaped association, study [50]

observed that CRF increase was largest when comparing

medium and low education level (p < .05). Study [49]

presented an OR measure of association between educa-

tion and CRF and observed that participants in medium

education group had higher odds of low VO2max (OR

1.41, 95% CI (1.01–1.97)), than participants in the high

education group (OR 1.24, 95% CI (0.79–1.94)), when

compared to lowest education group. This study was

additionally adjusted by measures of periodontal health.

The study [51] observed an association between social

mobility and longitudinal fitness. The study observed

that persistently high or upwardly mobile SES status,

compared to the persistently low SES status, resulted in

higher likelihood of increased fitness (p < 0.05) than per-

sistence of an unfit state.

All other SES Indicators

Studies [50, 52] reporting a significant association be-

tween CRF and composite socioeconomic indices pre-

sented multivariable analysis and observed a positive

association (p < 0.05, p < 0.001). Results from the study

[52] varied by sex; odds of high fitness were increasingly

greater (p < 0.001) with higher SES index score, among

women, while men showed non-significant results.

Studies [53, 54] reporting on the association between

CRF and residential area SES conducted multivariable

regression analysis and observed that median VO2max in-

creased and odds of low fitness (METs) decreased with

higher residential area SES.

Both studies [41, 50] reporting the association between

participant occupation and CRF observed a significant

positive association between skilled occupation and CRF

(p < 0.001 and p < 0.05).

While study [50] observed no significant association be-

tween financial strain and METS during treadmill exercise,

study [41] identified a positive linear association between

income and VO2max (p < 0.001) using ANCOVA analysis.

Finally, the study [41] observed that VO2max was

higher among employed individuals (p < 0.001).

Direct vs. Indirect VO2max Measurement

Across all exposures, studies measuring and reporting

direct measures of VO2max showed a strictly positive re-

lationship between SES and CRF, while indirect mea-

sures of VO2max showed a positive relationship overall.

Two studies directly measured VO2max through breath

analysis and reported a positive association between SES

and CRF. Among studies estimating VO2max, four studies

reported a positive association, one reported an inverted

u-shaped association and one reported no association.

Synthesis of Results

Results of meta-analysis are presented in Figs. 2 and 3. Com-

pared to individuals with low education, both men and

women with high education showed significantly higher

CRF (men 0.12 [0.04–0.20], women 0.19 [0.02–0.36]), while

participants with medium education showed no significant

difference in CRF compared to individuals with low educa-

tion (men 0.03 [− 0.04–0.11], women 0.09 [− 0.03–0.21]).

Risk of Bias Across Studies: (I2 Measure of Heterogeneity)

Our analysis standardizes both exposure and outcome to

limit heterogeneity. Accordingly, among men the fully

adjusted model (adjusted for age, PA, alcohol consump-

tion, WC, and BMI) had low heterogeneity, with a

non-significant p value > 0.1 (medium education: I2 =

0%, p value = 0.477; high education: I2 = 0%, p value =

0.544) while among women the fully adjusted model

showed substantial heterogeneity, p value < 0.1 and I2

value in the range 50–90% [55] (medium education: I2 =
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52.9%, p value = 0.095; high education: I2 = 71%, p value

= 0.016). Presentation of the results from random effects

meta-analysis adjusts for this heterogeneity within the

fixed effects meta-analysis.

Additional Analysis

Meta-regression testing differences in the effect of edu-

cation on CRF with adjustment for PA detected no

significant differences (p > 0.385).

Studies from the US, that were systematically

reviewed, reported differences in the association between

CRF and education by ethnicity of the study sample [48],

thus we performed additional post-hoc sensitivity ana-

lyses, adjusting NHANES data by “race.” The measures

of association between SES and CRF marginally

increased, however the trend among men and women

did not vary from the original meta-analysis. Studies

included for meta-analysis had low risk-of-bias-score;

thus, no sensitivity analysis by quality assessment score

was conducted.

Discussion

In this systematic review and meta-analysis of the as-

sociation between SES and CRF in adults, evidence

from 15 population-based studies from 8 different

countries, shows that predominately higher SES is

associated with increased CRF. Socioeconomic expo-

sures, such as SES indices, composed of various SES

indicators [50, 52], and residential area SES [54], gen-

erally showed a positive relationship with CRF [41,

53]. Studies using education level as an exposure,

showed either a positive relationship between educa-

tion and CRF [41–45, 47, 48, 51] or a u-shaped rela-

tionship [46, 49, 50].

Meta-analysis of the most frequently reported associ-

ation; between education and VO2max, was based on a

sample of 9435 non-symptomatic individuals from four

population-based studies. Meta-analysis showed a sig-

nificant positive association between education and CRF

for men and women when comparing the highest with

the lowest of three education groups. To the best of our

Fig. 2 Forest plot for the association between education and cardiorespiratory fitness among men. Data shown are standardized mean differences ± 95%
CI (fully adjusted including physical activity, n= 4815). Subtotals presented for both fixed (inverse variance method) and random effects (DerSimonian and
Laird) models. Reference details precede study descriptors
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knowledge, this is the first systematic review conducted

on the association between SES and CRF; thus, it is

impossible to compare our findings with previous re-

views. However, reviews on the association between SES

and PA report observations in line with our findings: a

positive association between SES and health-enhancing

total leisure time PA [56]. Additionally, research from

both the USA and Germany shows that SES is positively

associated with aerobic physical activity. In 2014, the

percentage of US adults, age 18 and over, who met fed-

eral guidelines for aerobic physical activity increased as

family income increased [57], with 51.7% of US adults

meeting the 2008 federal physical activity guidelines for

aerobic activity [58]. Similar patterns can be observed

among German adults in 2014; 45.3% of German adults

met the WHO recommendation for aerobic activity,

with higher compliance among individuals with higher

education [59].

CRF inequalities across levels of SES likely stem from

differences in health behavior. Lower SES is associated

with health-compromising behaviors such as low levels

of aerobic leisure-time PA [56, 59, 60], high sugar-rich

and fat-rich food intake and low fruit and vegetable in-

take [52, 61, 62], and high smoking prevalence [63–66].

While the previously mentioned health-compromising

behaviors are strictly negatively associated with SES, the

association between SES and alcohol consumption varies

by dose. Heavy episodic alcohol consumption, defined as

pure alcohol intake of 60 g or more, during a single

occasion, at least once per month [67], is associated with

lower SES [68], while risky alcohol consumption, or con-

sumption of 10–12 g of pure alcohol daily for women

and 20–24 g for men [69, 70] is associated with higher

SES [71]. Lower SES is also related to obesity [72]. These

disadvantageous behaviors and conditions lead to poorer

health and are primary risk factors for chronic diseases

such as diabetes [73–76], cardiovascular disease (CVD)

[71, 76–80], and cancer [76–78, 81, 82]. Similarly, it has

been demonstrated that obesity and overweight [56],

physical inactivity, and smoking are negatively associated

Fig. 3 Forest plot for the association between education and cardiorespiratory fitness among women. Data shown are standardized mean differences ±
95% CI (fully adjusted including physical activity, n= 4620). Subtotals presented for both fixed (inverse variance method) and random effects (DerSimonian
and Laird) models. Reference details precede study descriptors
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with CRF [83]. Conversely, moderate average alcohol

consumption (defined as 4–15.8 g/d) improves CRF

more than non- or heavy average alcohol consumption,

in an inverted u-shaped fashion [84]. Overall, it is likely

that these health behaviors and conditions are under-

lying causes of the positive association between SES and

CRF. It is also possible that the positive association

between SES and CRF is explained by the negative asso-

ciation between high SES and chronic breathlessness:

individuals with high SES are less likely to suffer from

chronic breathlessness and by extension to have higher

CRF [85, 86]. Consider that 15% of participants from

SHIP-0 (1997–2001; n = 4308) and 17.7% of participants

from SHIP-Trend (2008–2012; n = 4420) reported

“shortness of breath at load” [81], demonstrating that

measured fitness may have been impacted by chronic

breathlessness. Apart from behavioral and health-related

factors, genetic factors are also known to influence phys-

ical fitness [87–91]. However, whether the association

between SES and CRF could be partly explained by gen-

etic dispositions cannot be determined based on avail-

able evidence in the literature.

The importance of CRF for public health is

reflected in the policy statement from the American

Heart Association, from 2013, calling for a national

registry on CRF [92]. Previous research has demon-

strated that increased CRF is associated with various

health benefits leading to a significant reduction in

mortality rates [93]. CRF can be increased through

regular PA participation [94, 95], however, not all

types of PA are beneficial for CRF. Occupational PA

often corresponds with muscle-strengthening activity

or low-intensity tasks performed over long periods

(8-h work shifts) [96] and seems to be less beneficial

for CRF than aerobic sports and physical exercise ac-

tivities mostly performed during leisure time [41, 97].

Adults with low SES are more likely to work in

physically-demanding jobs and to show a higher total

energy expenditure compared to adults with high SES

who are more likely to have sedentary jobs and perform

aerobic physical exercise in leisure time [59, 60, 98]. Thus,

it seems that adults with low SES do not show lower CRF

because they are less physically active [99], rather, because

the types of PA they perform are less often aerobic and

hence less beneficial for CRF and cardiovascular health

[100, 101]. As a result, consideration of SES differences in

working conditions is essential to address SES differences

in CRF. Health interventions, striving to improve PA at

the population level, mostly promote aerobic PA in

leisure time, and thus fail to reach adults with low SES.

The low prevalence of aerobic PA in leisure time among

individuals with low SES is also illustrated by increasing

social inequality in sporting activity prevalence in the

adult German population over the last decade [102].

Health promotion activity delivery to individuals with low

SES backgrounds remains a crucial challenge, however,

workplace aerobic physical activity interventions for man-

ual workers are a possible solution to the challenge of

reaching individuals, of low SES background, for CRF

improvement [103]. In 2008, the US Federal Government

issued Physical Activity Guidelines for Americans [104],

which provided science-based guidelines recommending

adult aerobic PA targets for achievement of substantial

health benefits [105, 106], which were adapted by the

WHO in 2010. The population-based monitoring of PA

guideline compliance is difficult because PA is often

monitored based on self-reports, making it difficult to

distinguish aerobic PA from other types of PA, and intro-

ducing the possibility of misclassification bias. Objectively

measured CRF, applied for population-based health moni-

toring purposes, can be an important tool to accurately

gauge health target compliance and prevent bias from

self-reported PA. Furthermore, objectively measured CRF

can be used to monitor chronic disease risk, including

cardiorespiratory disease risk [107]. CRF is an important

tool for population health monitoring precisely because

there is a large body of evidence that CRF is a potentially

stronger predictor of mortality than established risk fac-

tors such as smoking, hypertension, high cholesterol and

diabetes type 2 mellitus [108]. Furthermore, the addition

of CRF to traditional risk factors significantly improves

the precision of risk prediction for cardiovascular morbi-

dity and mortality [109–111] and addition of CRF to

traditional CVD risk measures (such as Framingham risk

score or SCORE Risk Charts) improves cardiovascular

risk prediction [112]. Clinicians use measures linking CRF

changes to disease decline [16] to objectively monitor

individual and population health risk. Clinicians could

also use CRF thresholds [113] by education status to iden-

tify low SES groups suffering health disparity for targeted,

early NCD prevention, potentially reducing the need for

complex, expensive treatments and long-term economic

burden. Insights about the association between SES and

CRF could be used to monitor, prioritize and, by exten-

sion, improve health outcomes among marginalized

populations with high risk of chronic disease, whose

needs may not be met by traditional health promotion

activities. Monitoring and prioritization of health out-

comes among marginalized populations has been esta-

blished by organizations such as WHO and the Pan

American Health Organization (PAHO) as a key prior-

ity for controlling NCD epidemics in low resource

settings.

Limitations

Although included studies are generally population-based

and not underpowered, the current meta-analysis includes

only four population-based studies, due to the limited
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number of population-based studies reporting objective

measures of CRF in the literature. Accordingly, the power

of meta-analysis to detect a significant effect between SES

and CRF may be limited. Ability to detect differences in

effect by sex, with PA adjustment, and by ethnicity in

NHANES data may also be limited by sample size of the

meta-analysis. Our choice of education categories may

have also affected results. The chosen education categories

(high, medium, and low, based on CASMIN education

classification [35]), may have limited the ability to detect

subgroup differences through sensitivity analysis due to

combination of disparate subgroups. Furthermore, overall

results among women should be cautiously interpreted

due to the high heterogeneity within this subgroup. Differ-

ences in the results of studies included for meta-analysis,

and the resulting heterogeneity may be due to use of

different exercise protocols for CRF measurement [114].

The association between CRF and various socioeconomic

exposures was presented in the literature, but the present

meta-analysis focuses on education due to issues with

heterogeneity of exposure indicators used and minimum

sample size required for rigorous meta-analysis. However,

the omission of additional SES measures in the

meta-analysis does not significantly impact overarching

findings because SES indicators measuring different

aspects of social position show similar association with

CRF. For example, Shmueli et al. observed significantly

different mean exercise capacity in higher vs. lower SES

levels across education, occupation, and compiled SES

indicators [50]. Similarly, Lakka et al. observed a positive

dose relationship between education and income, and

higher VO2max with higher occupational skill [41].

Although few studies report degree of agreement between

association of various SES indicators, measuring different

aspects of social position, with CRF, overall agreement

between indicators can also be seen for the relationship

with PA [56, 115]. Studies included for review adjusted

their analysis for varying sets of covariates which may

impact overall result agreement. We correct for this

through meta-analysis of standardized effect sizes that

were derived from individual study results, which had

been adjusted for a standard set of covariates. Finally,

generalizability across levels of country income classifica-

tion may be limited due to inclusion of only studies from

high-income countries. However, inclusion of studies from

only high-income countries also reduces heterogeneity

within the meta-analysis by controlling the effect of coun-

try income classification on the association between SES

and CRF [116, 117].

Recommendations

Systematic review of the literature revealed that few

population-based studies reported SES exposures in

addition to education. Population-level investigation of

the effects of additional measures of SES, such as in-

come, occupation, or composite SES indices on CRF is

also necessary. Future research should include additional

SES indicators in meta-analysis in order to gauge

whether the relationship observed between education

and CRF is generalizable to other SES indicators. Investi-

gation of differences in the relationship between SES

and CRF by outcome measure is also necessary, to com-

pare the effect of SES on VO2max (gold standard) with

the effect of SES on additional CRF measures commonly

cited in the literature. Adjustment for total PA did not

significantly impact the results of meta-analysis, however

total PA obfuscates domain specific PA. Future research

should investigate the effect of adjustment for domain

specific PA types that are known to be differentially cor-

related with SES—such as occupational physical activity

(correlated with low SES) and leisure time PA (corre-

lated with high SES) [60]. Additionally, sedentary behav-

ior is an important determinant of CRF [118, 119], but

was not included as a covariate in analyses where CRF

was the outcome of interest. Future research on the as-

sociation between SES and CRF might include sedentary

behavior as a study covariate to strengthen results.

While the patterns observed for the association between

education and CRF were fairly similar among men,

differences in the association between education and

CRF among women from Germany and the USA should

be explored. Furthermore, although sensitivity analysis

showed no significant difference in the effect of SES on

CRF by ethnicity, additional research regarding the effect

of ethnicity on the relationship between SES and CRF

would contribute to more accurate monitoring of

chronic disease risk within marginalized populations

[120] and help to effectively target these groups for pre-

vention [91, 121–123]. Most studies that were systemat-

ically reviewed were cross-sectional, thus more cohort

studies are required to rigorously establish an association

between SES and CRF. The meta-analysis disproportion-

ately represents populations from Germany due to data

access constraints, thus inclusion of population-based

studies from various countries across high-income coun-

tries would improve result quality and external validity.

Included studies are from high-income countries only;

future research should consider whether low- and

middle-income countries reflect the association observed

in high-income countries, and whether nutritional and PA

transition processes [124–127] that take place during

economic development influence the association between

SES and CRF.

Conclusions

Despite limitations, we conclude that there is fair evi-

dence in the literature for an association between high

levels of education and increased CRF. This could have
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implications for monitoring, of health target compliance

and of chronic disease risk among higher risk popula-

tions, to detect and prevent NCDs. In light of shifting

NCD burden from adults with high SES to adults with

low SES, defining CRF health targets, monitoring CRF

and PA target compliance at the population level and

developing tailored health promotion measures to

stimulate CRF—especially among adults with low SES

background—is necessary to improve cardio-metabolic

health in the general adult population and to diminish

social health inequalities.

Additional cohort studies are required to rigorously

establish an association between SES and CRF. Further-

more, studies investigating the impact of ethnicity on

the relationship between education and CRF would help

improve the efficacy of targeted NCD detection and

prevention among high-risk demographic subgroups.
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