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Abstract

Objective: To assess the extent to which the established age-related decline in cardiorespiratory fitness
(CRF) is augmented in adult men with type 2 diabetes mellitus (T2DM).
Participants and Methods: This study used data from the Aerobics Center Longitudinal Study, conducted
between September 18, 1974, and August 3, 2006, in primarily non-Hispanic white, middle-to-upper
class adults. The analyses were restricted to adult men with complete data on age, CRF, and T2DM
(35,307 participants). Quantile regression models were used to estimate age-related differences in CRF,
estimated using a maximal treadmill test, between persons with and without T2DM. Smoking status and
birth cohort served as covariates.
Results: Age-related declines in CRF were observed in men with and without T2DM. For men younger
than 60 years, at low-mid percentiles of the CRF distribution the magnitude of the age-related decline in
CRF was significantly higher (P-values¼.00, .02) in men with T2DM than in those without T2DM. At
upper percentiles, the decline with age between the 2 groups was virtually identical. Significant declines in
CRF in men 45 years or younger were observed only at high levels of CRF for those without T2DM and at
low levels of CRF for those with T2DM (P-values .00, .04).
Conclusion: This study reported that men younger than 60 years with T2DM at the low-mid CRF per-
centiles experience an accelerated age-related decline in CRF. Men younger than 60 years with T2DM
exhibiting high levels of CRF experienced a decline in CRF comparable to men without T2DM. This study
highlights the importance of incorporating sufficient levels of exercise or activity to maintain high CRF in
men with T2DM.
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U nequivocal evidence indicates that
higher cardiorespiratory fitness
(CRF) reduces the risk of several non-

communicable diseases (NCDs) and mortality
in US adults.1-3 Importantly, previous studies
observed similar associations in individuals
with type 2 diabetes mellitus (T2DM), a clinical
subgroup representing nearly 10% of US
adults.4,5 Thus, as recommended by the Amer-
ican Heart Association, attaining a higher CRF
level via regular moderate-to-vigorous exercise
training is critical to the health and quality of
life of individuals with T2DM.6,7

However, of concern, studies report that
CRF declines with age.8,9 The onset of this
age-related decline occurs near 40 years and
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persists between 6% and 10% per decade of
life.10 Consequently, these reductions in CRF
may be partially explained by the significant
age-related reductions in cardiovascular func-
tion, subsequently increasing prevalence of
NCDs found in middle-aged and older adults.
Fortunately, consistent evidence indicates that
attaining higher CRF, ideally earlier in life,11

may attenuate this age-related decline poten-
tially preventing or delaying the onset of
NCDs.12,13 Although this evidence provides a
template for improving the health of US adults
across the life span, it is based on studies con-
ducted in “apparently healthy” US adults. Thus,
whether this age-related decline in CRF is pre-
sent or possibly exacerbated in individuals with
i.org/10.1016/j.mayocpiqo.2021.06.005
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an NCD such as T2DM remains unclear.
Furthermore, less is known about whether
higher CRF is associated with a slower age-
related decline in this clinical population.

Assessing the extent to which these well-
documented associations exist in adults with
and without T2DM may provide further
insight on the clinical significance of CRF.
Thus, the purpose of this study was to eval-
uate the association between age and CRF,
estimated using a maximal treadmill test, in
adults with and without T2DM. This study
used quantile regression, a comprehensive sta-
tistical method, which allowed for a thorough
analysis of the association between age and
CRF in individuals with and without T2DM
across many adjusted CRF percentiles. This
study focuses only on adult men as the sample
size for women in the Aerobics Center Longi-
tudinal Study (ACLS) data set (particularly for
women with diabetes) was not sufficient for
such a detailed analysis.

PATIENTS AND METHODS
The ACLS is a prospective observational study
of individuals who completed comprehensive
medical examinations at the Cooper Clinic in
Dallas, Texas.14 Study participants came to
the clinic for periodic preventive health exam-
inations and for counseling regarding diet, ex-
ercise, and other lifestyle factors associated
with an increased risk of chronic disease. Be-
tween 1974 and 2006, participants received
at least 1 comprehensive medical examination
and maximal graded treadmill exercise test at
the clinic. Most study participants were non-
Hispanic white from middle to upper socio-
economic strata and were referred by either
their employers or physicians, or by them-
selves. The study was reviewed and approved
annually by the Cooper Institute’s Review
Board, and all participants provided written
informed consent. The data set used for the
present study included 35,307 men (total ob-
servations, 74,144; average number of visits,
2.10). Among these, 12,951 (37%) partici-
pants had more than 1 visit.

Measures
The comprehensive health evaluation is
described in detail elsewhere.15,16 The outcome
of interest in this study was CRF, which was esti-
mated with a maximal treadmill exercise test
Mayo Clin Proc Inn Qual Out n XXX 2021
using amodified Balke protocol.17 The treadmill
speed was 88 m/min initially, and participants
began the test at 0% grade. The grade was
increased to 2% for the second minute and
was thereafter increased 1% per minute until
the 25th minute. After 25 minutes, the speed
was increased to 5.4 m/min without a grade
change until test termination. All participants
were encouraged to put maximal effort during
the test. Participants who had the test ceased
by a physician for problematic signs and symp-
toms or failed to reach 85% of age-predicted
maximal heart rate were excluded from the
analyses to ensure that near maximal effort was
obtained. Maximum oxygen consumption
(V_O2max) scaled to lean body mass was esti-
mated from the final treadmill grade and
speed by using the Fitness Registry and the
Importance of Exercise National Database equa-
tion: (speed�0.17)þ(speed�grade�0.79)þ
3.5.18 Diabetes status was determined in accor-
dance with the American Diabetes Association
guidelines by using either of the following 2
criteria19: (1) a fasting-plasma glucose level of
7 mmol/L or higher (126 mg/dL or higher) re-
ported at a clinical follow-up evaluation or (2)
a response to a health survey indicating that
the participant either was currently taking hypo-
glycemic medication or was diagnosed with
T2DM by their physician.

Statistical Analyses
Stata version 12 (StataCorp LLC) was used for
all statistical analyses. Cardiorespiratory fitness
(ie, V_O2max scaled to lean body mass) was
treated as the dependent variable for all regres-
sion analyses. Quantile regression20 was used
to assess the associations between CRF and
age at the 10th, 25th, 50th, 75th, and 90th
CRF percentiles. Regression models with age
treated continuously were used to assess dif-
ferences in the association between age and
CRF between persons with and without dia-
betes via 2-way interaction terms between
age and diabetes status. Previous studies8,9 us-
ing mean regression suggest that the decline in
fitness with age indicates a substantial depar-
ture from linearity. To account for this, a
linear spline model with knots at 45 and 60
years of age were used in the quantile regres-
sion analyses to allow the slope of the relation-
ship between CRF and age to change at these
points. The model with knots at 45 and 60
;5(4):743-752 n https://doi.org/10.1016/j.mayocpiqo.2021.06.005
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years exhibited slightly better overall fit across
CRF percentiles than did a corresponding
quadratic model and other 2- and 3-knot
spline models with knots placed at 5-year in-
crements from 40 to 70 years. To provide
additional easily interpretable and intuitively
meaningful estimates of the magnitude of as-
sociations between age and CRF for adults
both with and without diabetes, regression
models for the 10th, 50th, and 90th percen-
tiles of CRF, treating age as a categorical pre-
dictor stratified by diabetes status, were also
used. For analyses in which age was catego-
rized, age was divided into 7 levels, less than
40 years (referent level), 40 to 44, 45 to 49,
50 to 54, 55 to 59, 60 to 64, 65 to 69, and
70 years and older. Smoking status and birth
cohort were adjusted for in all regression
models because of an established relationship
with age and/or CRF. Smoking status (current
smoker or not) was obtained from a standard-
ized questionnaire. Birth cohort was based on
each participant’s year of birth categorized into
4 groups: 1930 or earlier, 1931 to 1940, 1941
to 1950, and after 1950. The primary modifi-
able factor determining an individual’s CRF
level is regular moderate-to-vigorous physical
activity. Results from an additional analysis
stratified by self-reported physical activity
levels (sedentary, moderate, and high) are pro-
vided in the Supplemental Appendix (available
online at http://www.mcpiqojournal.org).

Multiple observations for the same subject
are unlikely to be independent. The quantile
regression estimator is consistent when the
data are not independent,21 and the method
of Parente and Santos Silva22 (implemented
via the qreg2 command in Stata) was used to
account for this potential nonindependence
for SE and CI estimation. Quantile regression
coefficients are interpreted similarly to those
of ordinary linear regression coefficients except
that a quantile regression coefficient indicates
the change in the value at the modeled percen-
tile, not the mean, of the dependent variable.
For example, consider the categorical predictor
for age with 7 categories and a referent level of
less than 40 years. A coefficient estimate of �4
for people aged 60 to 64 years in the quantile
regression model for the 90th percentile would
indicate that the 90th percentile of CRF (the
outcome variable) is estimated to be 4 mL of
O2 per kilogram per minute less for people
Mayo Clin Proc Inn Qual Out n XXX 2021;5(4):743-752 n https://do
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aged 60 to 64 years as compared with those
younger than 40 years after controlling for
other covariates in the model.
RESULTS
The sample characteristics for adult men at the
first health examination with and without
T2DM are presented in Table 1. Across per-
centiles, unadjusted point estimates of CRF
percentiles for those without T2DM were
higher than the corresponding point estimates
for those with T2DM.

The adjusted regression coefficients evalu-
ating differences in age-related decline in CRF
between individuals with and without T2DM
are presented in Table 2. In general, estimated
SEs for point estimates were smaller for middle
percentiles. For adult men without T2DM, the
estimated slope relating CRF and age, up to an
age of 45 years, was significant and positive at
the 10th, 25th, and 50th CRF percentiles (P-
values¼.00, .00, .00), with the magnitude of
the estimates decreasing as CRF percentiles
increased. In contrast, a significant negative
slope was observed at the 90th percentile (P-
value¼.00). For men between 45 and 60 years
of age as well as those older than 60 years, the
slope estimates were significant and negative
for all CRF percentiles (P-values all¼.00),
with the magnitude of the estimates increasing
with increasing percentiles. Estimates for the
decline in CRF per year of age ranged from
0.07 to 0.26 mL of O2 per kilogram per
minute.

For adult men with T2DM, the estimated
slopes relating CRF and age, up to an age of
45 years, were all negative, although only the
slope at the 10th CRF percentile was signifi-
cant (P-value¼.04). For men between 45 and
60 years of age, the slope estimates were sig-
nificant (P-values¼.01, .00, .00, .00, .00)
and negative for all CRF percentiles, with the
magnitude of the estimates increasing with
increasing percentiles. The estimated decline
in CRF per year of age ranged from 0.06 to
0.18 mL of O2 per kilogram per minute. For
men older than 60 years, the slope estimates
were significant (all P-values¼.00) and nega-
tive for all CRF percentiles, with the magni-
tude of the estimates decreasing with
increasing percentiles for percentiles higher
than 25th. The estimated decline in CRF per
i.org/10.1016/j.mayocpiqo.2021.06.005 745
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TABLE 1. Sample Characteristics for Participants at Their First Medical Ex-
amination Comparing Adult Men With and Without Diabetes (N¼35,307)a,b,c

Characteristic
No diabetes
(n¼33,742)

Diabetes
(n¼1565)

V_O2max (mL/min per kilogram)
25th percentile 37.8 36.0
50th percentile 40.1 38.5
75th percentile 42.5 40.8

Age (y)

25th percentile 38.0 43.0
50th percentile 44.0 50.0
75th percentile 51.0 56.0

Birth cohort

<1931 (referent) 3770 (11) 279 (18)
1931-1940 7068 (21) 332 (21)
1941-1950 11,434 (34) 456 (29)
>1950 11,470 (34) 498 (32)

Smoke

No (referent) 28,158 (83) 1312 (84)
Yes 5584 (17) 253 (16)

Age categories

<40 y 10,976 (32) 221 (14)
40-44 y 7071 (21) 251 (16)
45-49 y 6077 (18) 306 (20)
50-54 y 4564 (14) 311 (20)
55-59 y 2839 (8) 226 (14)
60-64 y 1392 (4) 150 (10)
65-69 y 558 (2) 62 (4)
�70 y 265 (1) 38 (2)

aV_O2max, maximum oxygen consumption.
bData are presented as mean, percentile, or No. (percentage).
cAerobics Center Longitudinal Study data collected in the United States from 1974 to 2006.
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year of age ranged from 0.17 to 0.23 mL of O2

per kilogram per minute.
Significant differences in the slopes

relating age and CRF between those with
and without T2DM were observed for several
adjusted percentiles (P-values¼.00, .02, .01)
of CRF (ie, at percentiles of 10th, 50th, and
90th); however, a difference in the trend of
these differences was observed across percen-
tiles. At the 10th percentile of CRF, the esti-
mated age-related decline in fitness for men
45 years or younger with diabetes was signifi-
cantly greater (P-value¼.00) than for men
without diabetes. Similarly, at the 50th
percentile of CRF, the estimated age-related
decline in fitness for men aged 45 to 60 years
with diabetes was significantly greater (P-val-
ue¼.02) than for men without diabetes. How-
ever, at the 90th percentile of CRF, the
Mayo Clin Proc Inn Qual Out n XXX 2021
estimated age-related decline in fitness for
men older than 60 years of age with diabetes
was significantly less (P-value¼.01) than for
men without diabetes. The estimated slope co-
efficients for age ranges up to 45 years and for
45 to 60 years for both persons with and
without T2DM from this analysis are plotted
in Figure 1, and the slope estimates for the
age 60 years and older are plotted in Figure 2.

Age and CRF: Stratified Analyses by T2DM
Status
Adult Men Without T2DM. Adjusted estimated
differences in CRF by 5-year age groups for
adult men without T2DM are presented in
Table 3. Adult men without T2DM younger
than 40 years served as the referent group for
all comparisons. For 40- to 44-year-old adult
men without T2DM, a significant increase in
CRF (P-values¼.00, .00) was observed for 10th
and 50th percentiles with the magnitude of
estimated differences decreasing with
increasing percentiles. In contrast, a significant
decrease in CRF was observed for the 90th
percentile (P-value¼.00). For 45- to 49-year-
olds, a significant decrease in CRF was
observed only at the 90th percentile (P-val-
ue¼.00). For 50- to 54-year-olds, significant
decreases in CRF were observed at the 50th
and 90th percentiles (P-values¼.00, .00). For
all remaining age groups, significant decreases
in CRF were observed across all percentiles (all
P-values¼.00). For all these remaining age
groups, the magnitude of the estimated
decrease in CRF increased uniformly with
increasing CRF percentiles from a minimum of
0.48 to a maximum of 7.06 mL of O2 per ki-
logram per minute.

Adult Men With T2DM. Adjusted estimateddif-
ferences in CRF by 5-year age groups for adult
men with T2DM are presented in Table 3. Adult
men younger than 40 yearswith T2DMserved as
the referent group for all comparisons. For 55- to
59-year-old adult men with T2DM, significant
decreases in CRFwere observed for the 50th and
90th percentiles (P-values¼.02, .04) of CRF
with point estimates of 1.06 and 1.43 mL of O2

per kilogramperminute, respectively. For 60- to
64- and 65- to 69-year-old adult men with
T2DM, significant decreases in CRF were
observed for all CRF percentiles (P-values¼.04,
.00, .01, .00, .00, .00, .00), with the magnitude
;5(4):743-752 n https://doi.org/10.1016/j.mayocpiqo.2021.06.005
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TABLE 2. Quantile Regression Estimates (Est.) for Age Along With a 2-Way Interaction Between Age and Diabetes Along With 95% CIs for Select Cardiorespiratory Fitness Percentilesa,b

Variable

Percentile

10th 25th 50th 75th 90th

Est. 95% CI Est. 95% CI Est. 95% CI Est. 95% CI Est. 95% CI

No diabetes
Age, �45 y 0.04 0.03 to 0.05 0.04 0.03 to 0.05 0.02 0.01 to 0.03 L0.01 L0.02 to 0.01 L0.10 L0.12 to L0.07
Age, 45-60 y L0.07 L0.09 to L0.06 L0.07 L0.08 to L0.06 L0.07 L0.08 to L0.06 L0.11 L0.12 to L0.10 L0.18 L0.21 to L0.16
Age, >60 y L0.20 L0.24 to L0.17 L0.21 L0.23 to L0.19 L0.24 L0.27 to L0.22 L0.24 L0.27 to L0.22 L0.26 L0.30 to L0.22

Diabetes

Age, �45 y L0.05 L0.10 to L0.00 L0.03 L0.09 to 0.04 0.00 L0.05 to 0.05 L0.01 L0.10 to 0.09 L0.10 L0.24 to 0.05
Age, 45-60 y L0.06 L0.12 to L0.01 L0.10 L0.14 to L0.06 L0.12 L0.17 to L0.08 L0.14 L019 to L0.09 L0.18 L0.28 to L0.08
Age, >60 y L0.21 L0.29 to L0.12 L0.23 L0.29 to L0.17 L0.20 L0.28 to L0.11 L0.18 L0.25 to L0.10 L0.17 L0.23 to L0.10

Difference in slopes

Age, �45 y L0.09 L0.15 to L0.04 L0.06 L0.13 to 0.01 L0.02 L0.08 to 0.03 0.00 L0.10 to 0.10 0.00 L0.14 to 0.14
Age, 45-60 y 0.01 L0.04 to 0.06 L0.03 L0.07 to 0.02 L0.05 L0.10 to L0.01 L0.03 L0.08 to 0.02 0.01 L0.09 to 0.11
Age, >60 y 0.00 L0.09 to 0.08 L0.02 L0.08 to 0.04 0.05 L0.04 to 0.14 0.07 L0.01 to 0.15 0.09 0.02 to 0.17

aDifferences in slopes calculated as slope for persons with diabetes minus slope for persons without diabetes. Estimates are in milliliters per minute per kilogram per year.
bCoefficients in boldface indicate significant findings at P<.05. Estimates are adjusted for smoking (yes or no) and birth cohort (1930 or earlier, 1931-1940, 1941-1950, or 1951 or later). The referent level for birth cohort is the
group born 1930 or earlier. The cardiorespiratory fitness variable was scaled to lean body mass.
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FIGURE 1. Adjusted estimated change in cardiorespiratory fitness (CRF),
from quantile regression analysis, for each year increase in age (ie, slope) up
to 45 years and from 45 to 60 years. Estimates are adjusted for smoking
(yes or no) and birth cohort (1930 or earlier, 1931-1940, 1941-1950, or
1951 or later). The figure shows estimates for percentiles from 0.05 to 0.95
in increments of 0.05. T2DM, type 2 diabetes mellitus.
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of the point estimates increasing with increasing
CRF percentiles and ranging from 1.34 to 3.51
mL of O2 per kilogram per minute. For adult
men 70 years or older with T2DM, significant
decreases in CRF were observed for all CRF
percentiles (all P-values¼.00), with point esti-
mates remaining approximately constant,
ranging from3.33 to 3.36mLofO2 per kilogram
per minute.

DISCUSSION
The purpose of this study was to comprehen-
sively evaluate the association between age
and CRF (ie, V_O2max scaled to lean body
mass), estimated using a maximal treadmill
test, in adult men with and without T2DM.
The first major finding of this study was that
the magnitude of the decline in fitness associ-
ated with aging was significantly greater (P-val-
ues¼.00, .02) for adult men with T2DM than
for men without T2DM at the lower tail and
center of the adjusted CRF distribution (ie,
Mayo Clin Proc Inn Qual Out n XXX 2021
10th and 50th CRF percentiles) for the age
range up to 45 and 45 to 60 years, respectively.
Although at the upper CRF percentiles (ie, 90th
percentile), the decline in fitness associated
with age between the 2 groups were virtually
identical until about 60 years, where the age
related decline for those with T2DM was signif-
icantly less than for those without T2DM (P-val-
ue¼.01). This suggests that maintaining at least
a moderate CRF level may be particularly
important in diminishing the accelerated age-
related decline in this subpopulation. Second,
the expected significant age-related decline in
CRF in men in age groups 40 to 44 and 45 to
49 years was observed only at high levels of
CRF (ie, 90th percentile) for adult men without
T2DM (P-values¼.00, .00).

To our knowledge, this is the first study
to document a differential age-related decline
in CRF between men with and without
T2DM. Although novel, this accelerated age-
related decline in CRF in adult men with
T2DM at low-to-mid levels of CRF was not
unexpected. Several studies have previously
documented that T2DM negatively affects
the normal aging process with exaggerated
decreases in mitochondrial,23 respiratory,24

and cardiovascular25,26 function. Regarding
the last, several studies observed greater de-
clines in vascular compliance, endothelial
function, arterial blood flow, diastolic func-
tion, myocardial fibrosis, impaired coronary
artery blood flow, and others. Research sug-
gests that the accelerated aging of the cardio-
vascular system may be consequent to the
higher levels of oxidative stress,27 glycated
hemoglobin,28 and insulin resistance
observed in individuals with T2DM. Optimal
function of the cardiovascular system is para-
mount to maintaining higher levels of
maximal aerobic capacity (ie, CRF) across
the life span. As such, the augmented aging
of the cardiovascular system in individuals
with T2DM potentially facilitates and ex-
plains their accelerated age-related decline
in CRF observed in this study. This enhanced
age-related decline suggests that lower-fit in-
dividuals may be predisposed to an increased
risk of NCDs and premature mortality.

Interestingly, this study also reported that
adult men 60 years and younger with T2DM at
high levels of fitness (ie, 90th percentile) exhibit
a similar age-related decline inCRF as their high-
;5(4):743-752 n https://doi.org/10.1016/j.mayocpiqo.2021.06.005
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FIGURE 2. Adjusted estimated change in cardiorespiratory fitness (CRF),
from quantile regression analysis, for each year increase in age (ie, slope) 60
years and older. Estimates are adjusted for smoking (yes or no) and birth
cohort (1930 or earlier, 1931-1940, 1941-1950, or 1951 or later). The
figure shows estimates for percentiles from 0.05 to 0.95 in increments of
0.05. T2DM, type 2 diabetes mellitus.
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fit counterparts without T2DM. As shown in
Figure 1, by the 90th percentile the difference
in slope coefficients estimating the yearly change
in CRF between adult men with and without
T2DM was near zero. As shown in Figure 2,
for men 60 years and older, by the middle CRF
percentiles the trend was reversed with the esti-
mated yearly reduction in CRF for adult men
with T2DM less (although not significantly
less) than the corresponding estimate for men
without T2DM with the estimated differences
increasing and becoming significant by the
90th percentile (P-value¼.01). Clinically, this
observation indicates the importance of adult
men with T2DM achieving a high level of CRF.
Previous studies reported that short-term aero-
bic exercise training (eg, 3-8 months), the only
modifiable behavior consistently found to in-
crease CRF, significantly enhanced cardiovascu-
lar function in individuals with T2DM with
specific improvements in coronary and systemic
endothelial function and reduced diastolic
dysfunction and arterial stiffness.29 Given this,
participating in aerobic or aerobicþresistance
exercise training, likely leading to increased
levels of CRF, may attenuate the age-related
decline in CRF30 such that it becomes essentially
indistinguishable from the age-related decline
observed in adult men without T2DM. Conse-
quently, individuals with T2DM may have a
risk of premature cardiovascular disease mortal-
ity no higher than their counterparts without
T2DM.

Unexpectedly, our study also reported that
the onset of the decline in CRF expected at the
fourth decade of life was observed only in the
highest-fit adult men without T2DM (ie, 90th
percentile) and in the lowest-fit men with
T2DM (ie, 10th percentile). In this large sample
(>70,000 observations for persons without
T2DM), we expected to observe a significant
decrease in CRF across most, if not all, of the
CRF distribution, as previous studies reported
the average age of the decline in CRF occurs be-
tween the ages of 40 and 45 years.10 Two con-
cepts may explain this observation. First,
previous studies evaluating the age-related
decline in CRF restricted their analyses to
assessing the average decline in CRF associated
with age. However, a mean regression analysis
averages across all percentiles and so may suffer
from a substantial loss of information if there
are substantial differences in the nature of the
Mayo Clin Proc Inn Qual Out n XXX 2021;5(4):743-752 n https://do
www.mcpiqojournal.org
association of interest across percentiles.
Uniquely, the use of quantile regression31-33

in this study permitted a more comprehensive
examination of the influence of age on CRF,
allowing an assessment across multiple percen-
tiles of the CRF distribution. For adult men
both with and without T2DM in the combined
analysis, a significant decrease in CRF per year
was observed for those older than 45 years
across all CRF percentiles (all P-values .01 or
less), whereas for those 45 years and younger,
significant reductions in CRF per year were
observed only at the 10th and 90th percentiles
(P-values¼.04, .00) of CRF for those without
and with T2DM, respectively. These findings
expand the existing scientific literature, sug-
gesting that for adult men without T2DM
perhaps the onset of a significant age-related
decline in CRF may occur primarily in the 5th
as opposed to the 4th decade of life for all but
those at the highest fitness levels (less than or
equal to adjusted 90th CRF percentiles).
Although for adult men with T2DM, a signifi-
cant age-related decline in CRF may occur in
the 4th decade but be primarily limited to those
i.org/10.1016/j.mayocpiqo.2021.06.005 749

https://doi.org/10.1016/j.mayocpiqo.2021.06.005
http://www.mcpiqojournal.org


TABLE 3. Estimated Differences in Cardiorespiratory Fitness (Est.) for Each 5-Y Age Group, as Compared With Persons Younger Than 40 Y,
Along With 95% CIs for Select Cardiorespiratory Fitness Percentilesa,b

Variable

Percentile

10th 50th 90th

Est. 95% CI Est. 95% CI Est. 95% CI

No diabetes
Age, 40-44 y 0.34 0.20 to 0.48 0.19 0.08 to 0.31 L0.54 L0.80 to L0.28
Age, 45-49 y 0.09 L0.06 to 0.24 L0.01 L0.14 to 0.11 L1.47 L1.76 to L1.18
Age, 50-54 y 0.06 L0.11 to 0.22 L0.29 L0.42 to L0.15 L2.31 L2.62 to L2.01
Age, 55-59 y L0.48 L0.69 to L0.26 L0.59 L0.75 to L0.42 L3.06 L3.39 to L2.73
Age, 60-64 y L1.18 L1.45 to L0.91 L1.29 L1.50 to L1.09 L4.05 L4.45 to L3.66
Age, 65-69 y L1.94 L2.26 to L1.62 L2.37 L2.62 to L2.12 L5.50 L5.98 to L5.02
Age, �70 y L3.62 L4.04 to L3.22 L4.08 L4.42 to L3.75 L7.06 L7.71 to L6.41

Diabetes

Age, 40-44 y 0.17 L0.74 to 1.09 0.32 L0.31 to 0.95 0.07 L1.26 to 1.41
Age, 45-49 y L0.52 L1.58 to 0.54 L0.46 L1.15 to 0.24 L0.64 L1.96 to 0.68
Age, 50-54 y L0.87 L1.94 to 0.20 L0.47 L1.26 to 0.33 L0.86 L2.18 to 0.45
Age, 55-59 y L0.46 L1.66 to 0.74 L1.06 L1.92 to L0.21 L1.43 L2.83 to L0.03
Age, 60-64 y L1.34 L2.61 to L0.06 L1.64 L2.57 to L0.70 L2.02 L3.45 to L0.59
Age, 65-69 y L2.32 L3.61 to L1.03 L2.73 L3.97 to L1.49 L3.51 L5.18 to L1.85
Age, �70 y L3.36 L5.14 to L1.57 L3.33 L4.65 to L2.01 L3.35 L5.47 to L1.22

aEstimates are in milliliters per minute per kilogram per year.
bCoefficients in boldface indicate significant findings at P<.05. Estimates are from regression models stratified by diabetes status and adjusted for smoking (yes or no) and
birth cohort (1930 or earlier, 1931-1940, 1941-1950, or 1951 or later). The referent level for birth cohort is the group born 1930 or earlier. The sample sizes were 71,371
and 2773 (number of observations) for those without and with diabetes, respectively. The cardiorespiratory fitness variable was scaled to lean body mass.
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with the lowest levels of CRF. Second, it is
possible that a significant decrease in CRF in
persons in their early forties was observed in
men only at the adjusted upper CRF percentiles
because these adults are at an optimal level of
CRF.34 Correspondingly, their cardiopulmo-
nary systemsmay bemore sensitive to the initial
subtle changes in the aging process, such as de-
creases in the number of cardiac myocytes, car-
diac output, lean muscle mass, and pulmonary
diffusion capacity,35 resulting in a significant
and larger reduction in CRF compared with
their lower-fit counterparts. Despite having a
larger loss in CRF, due to their higher level of
CRF at the onset of this decline, high-fit individ-
uals have lower risks of several NCDs and mor-
tality as they age than do their low-fit
counterparts.14,15

This study has several strengths. Uniquely,
to our knowledge, this is the first study to eval-
uate and document that adult men with T2DM
have an accelerated age-related decline in CRF
and that achieving a high level of CRF may
diminish this accelerated age-related decline.
These observations are clinically relevant,
providing evidence for the need to incorporate
Mayo Clin Proc Inn Qual Out n XXX 2021
physical activity at levels sufficient to maintain
a highCRF level in themale populationwith dia-
betes. Moreover, this study used data from the
ACLS prospective cohort, providing a large sam-
ple size and used the Fitness Registry and the
Importance of Exercise National Database equa-
tion to estimate CRF, an equation found to pre-
dict CRF with greater precision as compared
with the traditional American College of Sports
Medicine equations.18 Lastly, the employment
of quantile regression analyses allowed for a
comprehensive analysis of the association be-
tween age andCRF in adult menwith orwithout
T2DM. Consequently, this technique led to un-
precedented findings regarding the age-related
decline in CRF in adult men with T2DM and
expanded the existing literature regarding the
onset of the age-related decline in CRF in adult
men without T2DM. In addition to these
strengths, this study has some limitations. First,
ideally a direct measurement of CRF would have
been available for the analysis; however, because
this was not available for this large sample, CRF
was estimated using a maximal treadmill test.
Second, despite the large sample, the ACLS
cohort includes mostly non-Hispanic white
;5(4):743-752 n https://doi.org/10.1016/j.mayocpiqo.2021.06.005
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men from the upper socioeconomic strata, with
a comparatively small percentage of observations
for persons with T2DM, reducing the generaliz-
ability of our findings. Third, the study design
does not allow any causative inferences to be
made from our findings. Lastly, our analyses
did not account for the use of medications that
potentially influence CRF.
CONCLUSION
This study reports 2 clinically relevant observa-
tions with regard to age and CRF in adult men
with T2DM. First, our findings suggest that
adult men, up to 45 years of age and from 45
to 60 years of age, with T2DM at the adjusted
lower to middle CRF percentiles experience an
accelerated age-related decline in CRF as
compared with adult men (of the same age)
without T2DM, likely predisposing these indi-
viduals to an augmented risk of NCDs and pre-
mature cardiovascular disease mortality.
Second, adult men with T2DM, up to 45 years
of age and from 45 to 60 years of age, exhibit-
ing the highest levels of CRF (ie, 75th and 90th
percentiles) appeared to reduce this accelerated
age-related decline in CRF relative to their
counterparts of the same age without T2DM.
The findings of this study reinforce the requi-
site incorporation of sufficient levels of exercise
training necessary to improve CRF, especially
in this clinical subpopulation and ideally before
the onset of the decline in CRF and subclinical
cardiovascular abnormalities associated with
T2DM. In addition, given the lack of diversity
of the ACLS data, it is of particular importance
for future research to explore this research
question in other subpopulations including
women, those of lower socioeconomic status,
and more diverse racial/ethnic groups.
ACKNOWLEDGMENTS
We gratefully acknowledge Steven N. Blair
(BS, MS, PED) of the University of South Car-
olina for providing the Aerobics Center Longi-
tudinal Study data.
SUPPLEMENTAL ONLINE MATERIAL
Supplemental material can be found online at:
http://www.mcpiqojournal.org. Supplemental
material attached to journal articles has not
Mayo Clin Proc Inn Qual Out n XXX 2021;5(4):743-752 n https://do
www.mcpiqojournal.org
been edited, and the authors take responsibil-
ity for the accuracy of all data.
Abbreviations and Acronyms: ACLS = Aerobics Center
Longitudinal Study; CRF = cardiorespiratory fitness; NCD =
noncommunicable disease; T2DM = type 2 diabetes mellitus;
V_O2max = maximum oxygen consumption

Affiliations (Continued from the first page of this
article.): School of Public Health, University of South Car-
olina, Columbia (X.S.); and Division of Biostatistics, Institute
of Environmental Medicine, Karolinska Institutet, Stockholm,
Sweden (M.B.).

Potential Competing Interests: The authors report no
competing interests.

Correspondence: Address to Andrew Ortaglia, MSPH,
PhD, Department of Epidemiology and Biostatistics, Arnold
School of Public Health, University of South Carolina, 446
Discovery Bldg I, 915 Greene St, Columbia, SC (Ortaglia@
mailbox.sc.edu).

ORCID
Andrew Ortaglia: https://orcid.org/0000-0002-2922-
744X; Xuemei Sui: https://orcid.org/0000-0003-2368-
7311
REFERENCES
1. Kaminsky LA, Arena R, Ellingson O, et al. Cardiorespiratory

fitness and cardiovascular diseasedthe past, present and future.
Prog Cardiovasc Dis. 2019;62(2):86-93.

2. Harber MP, Kaminsky LA, Arena R, et al. Impact of cardiorespi-
ratory fitness on all-cause mortality and disease-specific mortal-
ity: advances since 2009. Prog Cardiovasc Dis. 2017;60(1):11-20.

3. Mandsager K, Harb S, Cremer P, Phelan D, Nissen SE, Jaber W.
Association of cardiorespiratory fitness with long-term mortal-
ity among adults undergoing exercise treadmill testing. JAMA
Netw Open. 2018;1(6):e183605.

4. Bullard KM, Cowie CC, Lessem S, et al. Prevalence of diagnosed
diabetes in adults by diabetes typedUnited States, 2016.
MMWR Morb Mortal Wkly Rep. 2018;67(12):359-361.

5. Xu G, Liu B, Sun Y, et al. Prevalence of diagnosed type 1 and
type 2 diabetes among US adults in 2016 and 2017: population
based study. BMJ. 2018;362:k1497.

6. Blair SN, Church TS. The importance of physical activity and
cardiorespiratory fitness for patients with type 2 diabetes. Dia-
betes Spectr. 2003;16(4):236-240.

7. Ross R, Blair SN, Arena R, et al; American Heart Association
Physical Activity Committee of the Council on Lifestyle and
Cardiometabolic Health; Council on Clinical Cardiology; Coun-
cil on Epidemiology and Prevention; Council on Cardiovascular
and Stroke Nursing; Council on Functional Genomics and
Translational Biology; Stroke Council. Importance of assessing
cardiorespiratory fitness in clinical practice: a case for fitness
as a clinical vital sign: a scientific statement from the American
Heart Association. Circulation. 2016;134(24):e653-e699.

8. Fleg JL, Morrell CH, Bos AG, et al. Accelerated longitudinal
decline of aerobic capacity in healthy older adults. Circulation.
2005;112(5):674-682.

9. Jackson AS, Sui X, Hébert JR, Church TS, Blair SN. Role of life-
style and aging on the longitudinal change in cardiorespiratory
fitness. Arch Intern Med. 2009;169(19):1781-1787.
i.org/10.1016/j.mayocpiqo.2021.06.005 751

http://www.mcpiqojournal.org
mailto:Ortaglia@mailbox.sc.edu
mailto:Ortaglia@mailbox.sc.edu
https://orcid.org/0000-0002-2922-744X
https://orcid.org/0000-0002-2922-744X
https://orcid.org/0000-0003-2368-7311
https://orcid.org/0000-0003-2368-7311
https://doi.org/10.1016/j.mayocpiqo.2021.06.005
http://www.mcpiqojournal.org


MAYO CLINIC PROCEEDINGS: INNOVATIONS, QUALITY & OUTCOMES

752
10. Hawkins S,Wiswell R. Rate andmechanismofmaximal oxygen con-
sumption decline with aging. Sports Med. 2003;33(12):877-888.

11. Mintjens S, Menting MD, Daams JG, van Poppel MNM,
Roseboom TJ, Gemke RJBJ. Cardiorespiratory fitness in child-
hood and adolescence affects future cardiovascular risk factors:
a systematic review of longitudinal studies. Sports Med. 2018;
48(11):2577-2605.

12. Harridge SDR, Lazarus NR. Physical activity, aging, and physio-
logical function. Physiology (Bethesda). 2017;32(2):152-161.

13. Lee DC, Sui X, Artero EG, et al. Long-term effects of changes
in cardiorespiratory fitness and body mass index on all-cause
and cardiovascular disease mortality in men: the Aerobics Cen-
ter Longitudinal Study. Circuation. 2011;124(23):2483-2490.

14. Blair SN, Kohl HW III, Paffenbarger RS Jr, Clark DG,
Cooper KH, Gibbons LW. Physical fitness and all-cause mortal-
ity: a prospective study of healthy men and women. JAMA.
1989;262(17):2395-2401.

15. Blair SN, Kampert JB, Kohl HW III, et al. Influences of cardiore-
spiratory fitness and other precursors on cardiovascular disease
and all-cause mortality in men and women. JAMA. 1996;276(3):
205-210.

16. Kampert JB, Blair SN, BarlowCE, KohlHW III. Physical activity, phys-
ical fitness, and all-cause and cancer mortality: a prospective study
of men and women. Ann Epidemiol. 1996;6(5):452-457.

17. Gibbons L, Blair SN, Kohl HW, Cooper K. The safety of
maximal exercise testing. Circulation. 1989;80(4):846-852.

18. Kokkinos P, Kaminsky LA, Arena R, Zhang J, Myers J. New
generalized equation for predicting maximal oxygen uptake
(from the Fitness Registry and the Importance of Exercise Na-
tional Database). Am J Cardiol. 2017;120(4):688-692.

19. American Diabetes Association. 2. Classification and Diagnosis
of Diabetes: Standards of Medical Care in Diabetesd2019. Dia-
betes Care. 2019;42(suppl 1):S13-S28.

20. Koenker R. Quantile regression for longitudinal data. J Multivar
Anal. 2004;91(1):74-89.

21. Jung SH. Quasi-likelihood for median regression models. J Am
Stat Assoc. 1996;91(433):251-257.

22. Parente PMDC, Santos Silva JMC. Quantile regression with
clustered data. J Econom Meth. 2015;5(1):1-15.

23. Rovira-Llopis S, Bañuls C, Diaz-Morales N, Hernandez-
Mijares A, Rocha M, Victor VM. Mitochondrial dynamics in
type 2 diabetes: pathophysiological implications. Redox Biol.
2017;11:637-645.
Mayo Clin Proc Inn Qual Out n XXX 2021
24. Coffman KE, Carlson AR, Miller AD, Johnson BD, Taylor BJ. The
effect of aging and cardiorespiratory fitness on the lung diffusing
capacity response to exercise in healthy humans. J Appl Physiol
(1985). 2017;122(6):1425-1434.

25. Huang ES, Laiteerapong N, Liu JY, John PM, Moffet HH,
Karter AJ. Rates of complications and mortality in older patients
with diabetes mellitus: the diabetes and aging study. JAMA Intern
Med. 2014;174(2):251-258.

26. Aronson D. Cross-linking of glycated collagen in the pathogen-
esis of arterial and myocardial stiffening of aging and diabetes.
J Hypertens. 2003;21(1):3-12.

27. Halim M, Halim A. The effects of inflammation, aging and oxida-
tive stress on the pathogenesis of diabetes mellitus (type 2 dia-
betes). Diabetes Metab Syndr. 2019;13(2):1165-1172.

28. Naka KK, Papathanassiou K, Bechlioulis A, et al. Determinants of
vascular function in patients with type 2 diabetes. Cardiovasc
Diabetol. 2012;11(1):127.

29. Huebschmann AG, Kohrt WM, Regensteiner JG. Exercise at-
tenuates the premature cardiovascular aging effects of type 2
diabetes mellitus. Vasc Med. 2011;16(5):378-390.

30. Pandey A, Johnson JL, Slentz CA, et al. Short-term changes in
cardiorespiratory fitness in response to exercise training and
the association with long-term cardiorespiratory fitness decline:
the STRRIDE reunion study. J Am Heart Assoc. 2019;8(20):
e012876.

31. McDonald SM, Ortaglia A, Bottai M, Supino C. Differential as-
sociation of cardiorespiratory fitness and central adiposity
among US adolescents and adults: a quantile regression
approach. Prev Med. 2016;88:1-7.

32. McDonald S, Ortaglia A, Supino C, Kacka M, Clenin M,
Bottai M. Fitness adjusted racial disparities in central adiposity
among women in the USA using quantile regression. Obes Sci
Pract. 2017;3(2):153-161.

33. Ortaglia A, McDonald SM, Supino C, Wirth MD, Sui X,
Bottai M. Differential relationships between waist circumfer-
ence and cardiorespiratory fitness among people with and
without type 2 diabetes. Prev Med Rep. 2020;18:101083.

34. Fitzgerald MD, Tanaka H, Tran ZV, Seals DR. Age-related de-
clines in maximal aerobic capacity in regularly exercising vs.
sedentary women: a meta-analysis. J Appl Physiol (1985).
1997;83(1):160-165.

35. Jakovljevic DG. Physical activity and cardiovascular aging: phys-
iological and molecular insights. Exp Gerontol. 2018;109:67-74.
;5(4):743-752 n https://doi.org/10.1016/j.mayocpiqo.2021.06.005
www.mcpiqojournal.org

https://doi.org/10.1016/j.mayocpiqo.2021.06.005
http://www.mcpiqojournal.org

	Differential Age-Related Declines in Cardiorespiratory Fitness Between People With and Without Type 2 Diabetes Mellitus
	Patients and Methods
	Measures
	Statistical Analyses

	Results
	Age and CRF: Stratified Analyses by T2DM Status
	Adult Men Without T2DM
	Adult Men With T2DM


	Discussion
	Conclusion
	Acknowledgments
	Supplemental Online Material
	References


