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BACKGROUND High-sensitivity cardiac troponin T (hs-cTnT) and N-terminal pro-B-type natriuretic peptide

(NT-proBNP) are cardiac biomarkers commonly detected in adults with type 2 diabetes (T2D) and are associated

with heart failure risk.

OBJECTIVES The purpose of this study was to evaluate the effects of exercise training (ET) on hs-cTnT and NT-proBNP

and evaluate the associations of these biomarkers with cardiorespiratory fitness among adults with T2D.

METHODS Participants of the HART-D (Health Benefits of Aerobic and Resistance Training in Individuals with Type 2

Diabetes) trial who were randomly assigned to one of 3 ET groups or a non-exercise control group were included. Cardiac

biomarkers and cardiorespiratory fitness (evaluated by peak oxygen uptake [VO2peak]) were assessed at baseline and after

9 months. The effects of ET (3 ET groups pooled) vs non-exercise control on hs-cTnT and NT-proBNP were assessed

using separate analysis of covariance models. Multivariable-adjusted linear regression was performed to identify factors

associated with follow-up biomarkers and DVO2peak.

RESULTS The present study included 166 participants randomized to the ET (n ¼ 135) and non-exercise control (n ¼ 31)

groups. Compared with the non-exercise control, ET did not significantly change hs-cTnT or NT-proBNP. In adjusted

analysis, each ET group and DVO2peak were not significantly associated with hs-cTnT or NT-proBNP levels on follow-up.

Among individuals in the ET group, baseline hs-cTnT was inversely associated with DVO2peak [per 1 SD higher log

(hs-cTnT): b ¼ �0.08 (95% CI ¼ �0.15 to �0.01)].

CONCLUSIONS Among individuals with T2D, ET did not modify cardiac biomarkers. Higher baseline hs-cTnT was

associated with blunted cardiorespiratory fitness improvement in response to exercise. (JACC Adv 2023;2:100174)
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ABBR EV I A T I ON S

AND ACRONYMS

CRF = cardiorespiratory fitness

ET = exercise training

HF = heart failure

Hs-cTnT = high-sensitivity

cardiac troponin T

LV = left ventricular

NT-proBNP = N-terminal pro-

B-type natriuretic peptide

T2D = type 2 diabetes

VO2peak = peak oxygen

consumption
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H igh-sensitivity cardiac troponin T
(hs-cTnT) is a biomarker of myocar-
dial injury that is commonly

detectable among community dwelling
adults, with a higher prevalence in disease
states such as type 2 diabetes (T2D).1 Higher
levels of hs-cTnT are independently associ-
ated with structural heart disease and
increased risk of heart failure (HF).1-3 Simi-
larly, N-terminal pro-B-type natriuretic
peptide (NT-proBNP) is a biomarker of
myocardial stress and neurohormonal activa-
tion that is associated with HF risk and cardio-
vascular death in the general population4,5

and among individuals with T2D.3,6 Longitu-

dinal increases in these cardiac biomarkers are also
associated with greater risk of HF or all-cause mortal-
ity suggesting that biomarker-associated risk of HF
may be a modifiable target for preventive interven-
tions.7-10

Healthy lifestyle practices, such as regular physical
activity and exercise, are recommended for adults in
part because of the cardioprotective, inverse associ-
ation between physical activity and risk of HF.11,12

Prior observational studies have also demonstrated
that greater physical activity was associated with
favorable subclinical phenotypes including superior
diastolic and systolic function.13 However, the in-
terrelationships between physical activity, exercise,
and hs-cTnT are less clear with a potential U-shaped
association. Higher amounts of habitual physical ac-
tivity, within recommended levels, in community-
based cohorts are associated with lower hs-cTnT
and NT-proBNP.14,15 In contrast, high-intensity and
prolonged duration exercise has been associated with
an acute rise in hs-cTnT.16 While exercise training
(ET) improves cardiorespiratory fitness (CRF), an
important and modifiable HF risk factor, the inde-
pendent effects of ET on cardiac biomarkers among
high-risk individuals with T2D are not well estab-
lished.17 Furthermore, the associations of baseline
and longitudinal changes in cardiac biomarkers and
CRF have not been fully evaluated in high-risk pop-
ulations, such as adults with T2D.

The HART-D (Health Benefits of Aerobic and
Resistance Training in Individuals with Type 2
Diabetes) study was a randomized controlled trial
that evaluated the effects of different ET in-
terventions on hemoglobin A1c (HbA1c) among adults
with T2D and sedentary lifestyle.18 In this secondary
analysis of the HART-D study, we investigated the
effect of multiple ET interventions on levels of hs-
cTnT and NT-proBNP and further explored whether
changes in these biomarkers were associated with
changes in CRF assessed by peak oxygen consump-
tion (VO2peak). Based on previous studies, we hy-
pothesized that ET would attenuate the expected
increase in hs-cTnT and NT-proBNP over time.14,15,19

METHODS

STUDY POPULATION. The study design and primary
results of the HART-D study have been published
previously.18 In brief, HART-D included 262 adults,
aged 30 to 75 years of age, with T2D (HbA1c 6.5%-
11.0%) and sedentary lifestyle. Sedentary status was
defined as exercising fewer than 3 days/week for
<20 minutes per session. Exclusion criteria included
severe obesity [body mass index (BMI) $48 kg/m2],
uncontrolled hypertension [blood pressure
(BP) >160/100 mm Hg], kidney disease [serum
creatinine >1.5 mg/dL or urine protein >100 mg/dL],
severe hypertriglyceridemia [fasting triglycerides
>500 mg/dL], insulin pump use, history of retinop-
athy, advanced neuropathy, stroke, or other serious
medical condition that would prevent safe exercise
or adherence to the study protocol. The majority of
participants enrolled in HART-D were free of estab-
lished cardiovascular disease (3% had a history of
myocardial infarction; 5% had a history of coronary
artery bypass surgery). The Pennington Biomedical
Research Center Institutional Review Board
approved the HART-D study protocol. All study
participants provided written informed consent. The
present study included participants who had avail-
able baseline hs-cTnT as well as data to calculate
DVO2peak (Supplemental Figure 1). Participants in the
ET groups with exercise adherence <70%
were excluded from the present analysis similar to a
separate secondary analysis of the HART-D trial.20

Baseline NT-proBNP data were missing for
one participant.

TREATMENT GROUPS. Participants of the HART-D
study were randomly assigned to a non-exercise con-
trol group or 1 of the 3 following supervised ET groups:
1) aerobic training only; 2) resistance training only;
and 3) combination of aerobic and resistance training.
The treatment interventions were designed to achieve
similar total weekly exercise times across groups and
meet physical activity guideline recommendations
over 9 months.18

Non-exerc i se contro l . Participants randomly
assigned to the non-exercise control group were
asked to maintain their baseline physical activity
level throughout the study period. Weekly stretching
and relaxation sessions were offered but not manda-
tory. The step count remained constant throughout
the study period (4,180-4,376 steps/week).18 Due to
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an increase in HbA1c among a substantial proportion
of participants in the non-exercise control, randomi-
zation to this group was terminated early as recom-
mended by the data safety monitoring board. Fewer
participants were randomized to the non-exercise
control group than originally planned and led to a
smaller proportion of participants in the control vs ET
groups.
Aerob ic tra in ing only . Participants were encour-
aged to perform moderate to vigorous intensity ex-
ercise at a heart rate associated with 50% to 80% of
VO2peak. The exercise prescription targeted an aerobic
dose of 12 kcal/kg of body weight per week. Body
weight was measured weekly to calculate updated
aerobic dose targets. A recuperation week with a
target exercise dose reduction of one-third was
implemented during weeks 12 and 24. Participants
typically exercised using a treadmill approximately 3
sessions per week for 2 hours per week.18 After ac-
counting for warm-ups and cool-downs, the average
treadmill time was approximately 140 minutes per
week. Participants in the aerobic training only group
achieved 680 MET-minutes per week.
Res is tance tra in ing only . Participants performed
resistance training 3 days/week. Sessions included 2
sets of upper body exercises (shoulder press, pull
down, seated row, bench press), abdominal
crunches, and back extensions as well as 3 sets of
lower body exercises (leg flexion, extension, press).
Each set of exercises included 10 to 12 repetitions.
Weight was progressively increased for each exer-
cise after a participant demonstrated the ability to
complete 12 repetitions per set of exercises on
consecutive training sessions. A period of flexibility
and stretching was included at the end of the
resistance training session such that each ET group
had similar total exercise time (approximately
141 minutes per week for the resistance training
group).18

Combination of aerobic and resistance training. In the
combination training group, the aerobic dose target
was 10 kcal/kg/week. Participants were also pre-
scribed 2 sessions per week of the same resistance
exercises as those in the resistance training only
group but only 1 set per exercise to allow for similar
weekly exercise time as the other ET groups. This
translated to approximately 110 and 35 min/week of
treadmill and resistance training time, respectively.
The combined aerobic and resistance training group
achieved 570 MET-min/week.18

CLINICAL COVARIATES. Anthropometric measure-
ments were obtained according to a standardized
protocol.18 Height was measured with a stadiometer.
Body weight was measured weekly using an elec-
tronic scale (GSE 450, GSE Scale Systems, Novi,
Michigan). BMI was calculated by dividing the weight
in kilograms by the height in meters2. While the
participant was at minimal expiration, waist circum-
ference was measured at the level of the iliac crest.21

Participants underwent dual energy X-ray absorpti-
ometry scans using a QDR 4500/A whole-body scan-
ner (Hologic Inc, Bedford, Massachusetts) to assess
body composition. HbA1c was measured from blood
samples obtained at baseline and after training using
a UniCel DxC 600 Pro (Beckman Coulter,
Brea, California).

ASSESSMENT OF CARDIORESPIRATORY FITNESS.

CRF was assessed by simultaneously measuring res-
piratory gases using a True Max 2400 Metabolic
Measurement Cart (ParvoMedics) while participants
exercised on a treadmill (Trackmaster 425, Care-
fusion).18 Participants began the exercise test at a
self-selected, brisk walking speed. Treadmill grade
was increased by 2% every 2 minutes while main-
taining a constant speed until volitional exhaustion.
CRF was defined as VO2peak during the exercise test.
The same treadmill speed and protocol was used to
assess VO2peak at baseline and follow-up. Change in
VO2peak (DVO2peak) was defined as the absolute dif-
ference between 9-month and baseline VO2peak.

BIOMARKER MEASUREMENTS. At baseline and
9-month follow-up, fasting blood samples were
collected from participants prior to exercise testing
and stored at �80 �C. Serum was thawed just prior to
measurement of cardiac biomarkers. Cardiac
biomarker levels were measured in a core laboratory
(Inova Hospital, Fairfax, Virginia) and the laboratory
personnel were blinded to the study group assign-
ment. Commercially available assays were used to
measure cardiac biomarkers. Hs-cTnT was measured
using the Troponin T Gen 5 STAT assay (Roche Di-
agnostics).22 The lower limit of detection of the hs-
cTnT assay was 6 ng/L. Nondetectable hs-cTnT
values were assigned a value half of the lower limit of
detection of the assay (3 ng/L).2,23 NT-proBNP (range,
5-35,000 pg/mL) was also measured using the Roche
Diagnostics platform (Cobas e602).14

STATISTICAL ANALYSIS. Baseline characteristics
were compared across non-exercise control vs ET
groups (pooled all 3 ET groups) using Kruskal-Wallis
test for continuous variables and chi-square tests (or
Fisher’s exact test when appropriate) for categorical
variables. Baseline and 9-month follow-up levels of
hs-cTnT and NT-proBNP were not normally



TABLE 1 Baseline Characteristics Across the Non-Exercise Control and Combined

Exercise Training Groups

Non-Exercise
Control Group

(n ¼ 31)

Pooled Exercise
Training Groups

(n ¼ 135) P Value

Age, y 59 (52-64) 57 (51-63) 0.54

Female 21 (67.7) 81 (60.0) 0.42

Race/ethnicity

White 16 (51.6) 77 (57.0) 0.58

Black 13 (41.9) 51 (37.8) 0.67

Hispanic 0 (0) 1 (0.7) >0.99

Other 2 (6.5) 6 (4.4) 0.64

BMI, kg/m2 36.5 (31.9–39.5) 33.7 (30.3–38.2) 0.22

Waist circumference, cm 107.3 (100.8–121.2) 110.5 (102.8–120.3) 0.85

Body fat, % 41.4 (35.9–42.9) 38.0 (32.0–43.3) 0.34

Lean mass, kg 55.9 (48.7–64.3) 55.1 (49.6–65.1) 0.84

Duration of diabetes, y 7 (4–10) 6 (3–11) 0.90

Insulin use 5 (16.1) 26 (19.3) 0.69

Antihypertensive medication use 23 (74.2) 109 (80.7) 0.42

Resting heart rate, bpm 85 (72–94) 83 (71–90) 0.41

Mean systolic BP, mm Hg 127 (116–136) 124 (117–135) 0.78

Mean diastolic BP, mm Hg 76 (70–80) 74 (70–80) 0.18

Abnormal ECG 4 (12.9) 26 (19.3) 0.41

Resting RER 0.90 (0.85–0.92) 0.91 (0.87–0.97) 0.13

Maximum systolic BP, mm Hg 192 (172–212) 199 (176–212) 0.97

VO2peak, L/min 1.66 (1.45–2.05) 1.81 (1.53–2.22) 0.47

HbA1c, % 7.2 (6.5–8.7) 6.8 (6.4–7.8) 0.14

hs-CRP, mg/L 2.5 (0.8–7.5) 3.1 (1.30–5.9) 0.51

hs-cTnT, ng/L 3.0 (3.0–9.8) 3.0 (3.0–6.8) 0.29

hs-cTnT > 6, ng/L 11 (35.5) 41 (30.4) 0.67

NT-proBNP, pg/mL 22.1 (10.0–58.4) 18.0 (7.9–52.3) 0.41

Study group

Non-exercise control 31 (100) 0 (0) <0.001

Aerobic training 0 (0) 42 (31.1)

Resistance training 0 (0) 47 (34.8)

Combination training 0 (0) 46 (34.1)

Values are median (IQR) and compared across groups using Kruskal-Wallis test; or n (%) and compared across
groups using chi-square (or Fisher’s exact test when appropriate).

BMI ¼ body mass index; BP ¼ blood pressure; ECG ¼ electrocardiogram; HbA1c ¼ hemoglobin A1c;
hs-CRP ¼ high-sensitivity C-reactive protein; hs-cTnT ¼ high-sensitivity cardiac troponin T; NT-proBNP ¼ N-
terminal pro-B-type natriuretic peptide; RER ¼ respiratory exchange ratio; VO2peak ¼ peak oxygen consumption.
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distributed and were natural log-transformed for an-
alyses as necessary.

Within all treatment groups, paired t-tests were
used to evaluate changes in cardiac biomarker levels
over time. The effects of ET (pooled and individual
groups) vs non-exercise control on hs-cTnT and NT-
proBNP were assessed in separate analysis of covari-
ance models including the baseline cardiac
biomarker. Among all participants (non-exercise
control and ET groups), predictors of post-
intervention cardiac biomarkers of interest [log
(follow-up hs-cTnT) and log (follow-up NT-proBNP)]
were assessed in separate linear regression models
adjusted for the following covariates: demographics
(age, sex, race), baseline BMI, systolic BP, baseline
HbA1c, log (baseline biomarker of interest), treatment
group, and DVO2peak.

Participants randomized to an ET group were
stratified according to data-derived tertiles of
DVO2peak with the highest tertile including partici-
pants with the greatest increase in VO2peak. Across
tertiles of DVO2peak, baseline characteristics were
compared using Jonckheere-Terpstra test for contin-
uous and categorical data. A multivariable-adjusted
linear regression model was constructed to identify
association of baseline biomarker levels with
DVO2peak. The adjusted model included the following
covariates selected a priori based on biological plau-
sibility and previous studies18,20,24: demographics
(age, sex, race [Black vs non-Black]), baseline lean
body mass, waist circumference, systolic BP, HbA1c,
baseline VO2peak, baseline cardiac biomarkers of in-
terest [log (baseline hs-cTnT), log (baseline NT-
proBNP)], and ET group [aerobic training only, resis-
tance training only, combination of aerobic and
resistance training]. The association of DVO2peak and
change in each cardiac biomarker (Dhs-cTnT and
DNT-proBNP) was assessed using Spearman
correlation.

Statistical analysis was performed using SAS 9.4
(SAS Institute). All relevant statistical tests were 2-
sided and P < 0.05 was considered statistically
significant.

RESULTS

The present study included 166 participants (61.4%
female, 38.6% Black) (Supplemental Figure 1). In the
present study, 31 participants (18.7%) were random-
ized to the non-exercise control group while 42
(25.3%), 47 (28.3%), and 46 (27.7%) participants were
assigned to the aerobic training only, resistance
training only, and combination training group,
respectively. Baseline characteristics of participants
in the non-exercise control and pooled ET groups
were similar (Table 1). Baseline levels of VO2peak were
comparable between groups. The non-exercise con-
trol and pooled ET groups had similar hs-cTnT (3.0
[IQR: 3.0-9.8] ng/L and 3.0 [IQR: 3.0-6.8] ng/L,
respectively) and NT-proBNP levels (22.1 [IQR: 10.0-
58.4] pg/mL and 18.0 [IQR: 7.9-52.3] pg/mL, respec-
tively) at baseline.

EXERCISE TRAINING AND CARDIAC BIOMARKER

LEVELS. Baseline and 9-month follow-up levels of
hs-cTnT and NT-proBNP across the non-exercise
control and pooled ET groups are shown in Figure 1.
Among participants in the non-exercise control and
pooled ET groups, hs-cTnT and NT-proBNP levels did
not change significantly from baseline to 9-month



FIGURE 1 Effect of Exercise Training on Cardiac Biomarkers Over 9 Months

The data are presented as median (95% CI) for hs-cTnT and NT-proBNP in A and B, respectively. Separate ANCOVA models including the

baseline cardiac biomarker demonstrated no significant difference in follow-up hs-cTnT (P ¼ 0.45) or NT-proBNP (P ¼ 0.26) between pooled

exercise and non-exercise control training groups. ANCOVA ¼ analysis of covariance; hs-cTnT ¼ high-sensitivity cardiac troponin T;

NT-proBNP ¼ N-terminal pro-B-type natriuretic peptide.
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follow-up. Compared with the non-exercise control
group, ET did not significantly change hs-cTnT
(P ¼ 0.45) or NT-proBNP (P ¼ 0.26). Aerobic
training, resistance training, and combined aerobic
and resistance training did not significantly change
hs-cTnT or NT-proBNP compared with the non-
exercise control group (P > 0.05 for all)
(Supplemental Figure 2).

In adjusted analysis, there was no significant as-
sociation of any of the ET groups (vs the non-exercise
control group) or DVO2peak with hs-cTnT or NT-
proBNP levels on follow-up (Table 2). The baseline
biomarker level was associated with each post-
intervention biomarker after adjustment for other
variables.

PREDICTORS OF LONGITUDINAL CHANGE IN VO2peak.

Among participants randomized to an ET group, there
was a wide gradient in DVO2peak in which approxi-
mately one-third of individuals experienced a
decrease, one-third had minimal change, and one-
third had an increase in VO2peak from baseline.
Participant characteristics stratified by tertiles of
DVO2peak are shown in Supplemental Table 1. In-
dividuals who experienced an increase in VO2peak

(highest tertile of DVO2peak) were younger, more
commonly prescribed antihypertensive medication,
and had lower systolic BP at baseline compared with
those who had a decrease in VO2peak (lowest tertile of
DVO2peak). Across tertiles of DVO2peak, baseline levels
of VO2peak, hs-cTnT, and NT-proBNP were similar.
The proportion of participants in the combination
aerobic and resistance training group was greater
among individuals with an increase in VO2peak (high-
est tertile of DVO2peak) vs those with a decrease in
VO2peak (lowest tertile of DVO2peak).

In adjusted analysis, higher baseline hs-cTnT was
inversely associated with DVO2peak (b, �0.08 [95% CI:
�0.15 to �0.01], P ¼ 0.02) (Central Illustration). No
significant association was observed between baseline
NT-proBNP and DVO2peak in adjusted analysis (b, 0.02
[95% CI: �0.02 to 0.06], P ¼ 0.30). There was no sig-
nificant correlation between DVO2peak and change in
either hs-cTnT (Spearman correlation ¼ 0.14
[95% CI: �0.01 to 0.29], P ¼ 0.07) or NT-proBNP
(Spearman correlation ¼ �0.12 [95% CI: �0.27 to
0.03], P ¼ 0.11).

DISCUSSION

In this secondary analysis of adults with T2D from the
HART-D study, we observed that ET and changes
in VO2peak were not associated with changes in
hs-cTnT and NT-proBNP over 9-month follow-up
(Central Illustration). Furthermore, higher levels of



TABLE 2 Multivariable Adjusted Association Between Exercise Training Groups and

Longitudinal Change in Cardiorespiratory Fitness With Follow-Up Cardiac Biomarkers

Among All Participants

Follow-Up hs-cTnT Follow-Up NT-proBNP

Standardized
Estimate (95% CI) P Value

Standardized
Estimate (95% CI) P Value

Aerobic training
(vs non-exercise control)

�0.01 (�0.17 to 0.16) 0.92 �0.15 (�0.53 to 0.23) 0.43

Resistance training
(vs non-exercise control)

�0.06 (�0.22 to 0.10) 0.45 �0.08 (�0.45 to 0.28) 0.66

Combination training
(vs non-exercise control)

�0.02 (�0.19 to 0.14) 0.78 �0.20 (�0.57 to 0.18) 0.31

DVO2peak (per 1 SD inc) 0.13 (�0.14 to 0.40) 0.33 �0.48 (�1.08 to 0.12) 0.12

Separate multivariable adjusted linear regression models were created to assess the independent predictors of
each follow-up biomarker of interest [log (follow-up hs-cTnT), log (follow-up NT-proBNP)] with adjustment for
the following covariates: demographics (age, sex, race), baseline BMI, systolic BP, HbA1c, log (baseline biomarker
of interest), treatment group, and DVO2peak. DVO2peak was defined as the absolute difference between 9-month
and baseline VO2peak.

BMI ¼ body mass index; BP ¼ blood pressure; HbA1c ¼ hemoglobin A1c; hs-cTnT ¼ high-sensitivity cardiac
troponin T; NT-proBNP ¼ N-terminal pro-B-type natriuretic peptide; VO2peak ¼ peak oxygen consumption.
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hs-cTnT at baseline were significantly associated with
a blunted CRF improvement in response to ET.

A previous study examined the relationship be-
tween myocardial injury and CRF and demonstrated
associations between higher exercise capacity and
lower hs-cTnT.25 However, this prior study included
predominantly White men who had few comorbid-
ities. Furthermore, this previous study only exam-
ined the cross-sectional association and reverse
causation may have contributed to the observed re-
lationships. Among studies with longitudinal follow-
up, higher physical activity has been associated with
less temporal increase in hs-cTnT and NT-proBNP
among community dwelling adults suggesting
potential benefits of lifestyle interventions on sub-
clinical cardiac disease.14,15 Moreover, findings from
these observational studies were supported by a small
pilot randomized trial that demonstrated a physical
activity intervention attenuated the rise in hs-cTnT
among elderly adults.19 In contrast, prior studies
that evaluated resistance training in older adults did
not demonstrate favorable effects on hs-cTnT.26,27 In
the present study, we build on these prior observa-
tions by evaluating the effects of different supervised
ET regimens over a 9-month period on changes in
levels of hs-cTnT and NT-proBNP among adults with
T2D who did not have prevalent HF. Here, we
observed that none of the ET modalities evaluated in
HART-D were significantly associated with longitu-
dinal changes in hs-cTnT or NT-proBNP. This null
effect was observed despite achieving recommended
physical activity goals of at least 500 MET-minutes
per week.18 These findings differ from some of the
previous studies for several possible reasons. First,
there were marked differences in the study pop-
ulations. Participants in the CHS (Cardiovascular
Health Study)14 and LIFE-P (Lifestyle Interventions
and Independence for Elders pilot) trial19 were
approximately 15 years older and had higher levels of
hs-cTnT (w8-10 ng/L) and NT-proBNP (w110 pg/mL)
at baseline compared with those evaluated in the
present study. Additionally, T2D prevalence was
<25% in these prior studies whereas all participants
in the present study had T2D. Second, the follow-up
interval over which cardiac biomarkers was evalu-
ated across studies differed. Hs-cTnT and NT-proBNP
were assessed over 2 to 3 years from baseline in CHS14

whereas the interval was 12 and 9 months in LIFE-P19

and HART-D,18 respectively, and shorter in other
studies.26,27 Shorter duration follow-up may not pro-
vide sufficient time for the exercise intervention
evaluated in HART-D to modify cardiac biomarkers or
the subclinical cardiac structural phenotypes they
reflect. Third, exercise may also transiently increase
hs-cTnT and NT-proBNP in the short-term, especially
in younger individuals which may confound the
ability to use serial biomarkers to interrogate sub-
clinical HF phenotypes.28,29 Prolonged exercise may
lead to myocardial stretch and detection of cardiac
biomarkers in serum.16 Additionally, exercise may
impact other factors that influence cardiac biomarker
levels. For example, in the Look AHEAD trial that
enrolled adults with overweight and obesity who had
T2D, an intensive lifestyle intervention led to re-
ductions in weight, waist circumference, HbA1c, and
systolic BP but increased NT-proBNP, likely due to
reduction in body mass.30,31 Future studies with
longer-term follow-up are needed to determine the
prognostic implications of the changes in biomarker
levels with ET.

In secondary analyses, we observed that elevated
levels of hs-cTnT at baseline were associated with a
blunted response to ET, as reflected by less
improvement in CRF. If replicated in additional
studies, these findings suggest that cardiac bio-
markers such as hs-cTnT may be used to identify in-
dividuals with T2D who are more likely to benefit
from specific preventive interventions such as ET.
This is particularly relevant because CRF response to
ET in T2D is heterogeneous. A prior analysis from
randomized controlled trials have demonstrated
approximately 30 to 40% of participants undergoing
supervised ET have no improvement in CRF.20,32

Consistent with our observations, in the DREW
(Dose-Response to Exercise in postmenopausal
Women) trial, abnormal remodeling patterns
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identified by left ventricular (LV) hypertrophy
and increased relative wall thickness were each
associated with lower CRF responsiveness to ET.32 It
is plausible that participants with a more favorable
cardiac substrate without abnormal remodeling or
myocardial injury may be better suited to adapt to
exercise with physiological remodeling as compared
with those with abnormal cardiac remodeling and
subclinical myocardial injury. Elevated levels of hs-
cTnT may identify patients with adverse LV remod-
eling, a less modifiable substrate, who are less likely
to improve their CRF in response to ET. Strategies to
better predict ET response, such as assessment of
cardiac biomarkers and echocardiography, may help
in allocating these effective but expensive and logis-
tically cumbersome ET interventions among at-risk
participants who are most likely to benefit from the
same. A report from the American Diabetes Associa-
tion recommends measurement of hs-cTnT or NT-
proBNP at least annually among adults with T2D to
guide initiation of preventive therapies.33 Future
studies are also needed to determine the optimal ex-
ercise dose and modality for individuals with T2D and
subclinical myocardial injury or abnormal LV remod-
eling who are at a greater risk of non-response to ex-
ercise. For example, a prolonged high-intensity
interval training program improved CRF among adults
with subclinical myocardial injury.34 This exercise
intervention included a tailored training plan for each
individual consisting of 4 different heart rate training
zones determined from a maximal exercise test and
ventilatory and lactate thresholds. High-risk sub-
groups may require more targeted, personalized in-
terventions with higher intensity and/or dose of ET or
using specific modalities to improve CRF.

The ET interventions evaluated in the HART-D trial
did not meaningfully impact cardiac biomarkers,
neither decrease or increase, suggesting exercise is
safe in patients with T2D. In addition, ET has bene-
ficial effects on several cardiometabolic parameters.
Combination aerobic and resistance training
improved glycemic control, cardiorespiratory fitness,
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and body composition with reduction in overall body
mass driven primarily by decrease fat mass.18 Opti-
mization of each of these cardiometabolic health pa-
rameters is associated with a lower risk of
downstream HF, suggesting these are important
modifiable risk factors.17,35,36

STUDY STRENGTHS AND LIMITATIONS. Our study
has several notable strengths. In the present study,
we examined the effects of ET on multiple cardiac
biomarkers in the setting of a randomized trial that
included a non-exercise control group. The ET in-
terventions were tailored to the individual and
included high-intensity and supervised exercise ses-
sions. Furthermore, CRF was assessed objectively
during an exercise test by direct VO2peak assessment
using a standardized protocol at baseline and
follow-up.

However, there are several noteworthy limitations
in the present analysis. First, there is potential for
selection bias in this secondary analysis. Participants
without baseline hs-cTnT plus baseline and follow-up
measurements of CRF were excluded from this anal-
ysis. This is notable as individuals lost to follow-up or
unable to repeat ET may be systematically different
than those who were included in the present study.
Furthermore, study participants included in this
analysis had relatively well-controlled T2D, had at
least 70% adherence to ET, and findings from this
study may not be generalizable to all individuals with
T2D. HART-D enrolled mostly younger adults free of
established cardiovascular disease with mostly
normal biomarker levels of cardiac injury and
stress providing supportive evidence for ET as part of
a comprehensive risk reduction strategy for primary
prevention. Second, limited follow-up duration may
bias study findings toward the null as there may have
not been adequate time for cardiac biomarkers and
CRF to meaningfully change in response to the 9-
month study intervention. Prior studies that have
demonstrated associations between longitudinal
changes in cardiac biomarkers or CRF with the risk of
HF were performed over several years.14,17 Third,
baseline hs-cTnT levels were below the limit of
detection in more than half of participants, which
may also have reduced the power to detect change
over serial measurements. Fourth, the present study
is small and may have not been adequately powered
to evaluate longitudinal changes in cardiac bio-
markers across the non-exercise control and ET
groups. Finally, echocardiography was not performed
and clinical endpoints such as HF or other
cardiovascular disease events were not captured as
part of the study protocol.

CONCLUSIONS

Among adults with T2D and mostly normal baseline
measures of subclinical myocardial injury and stress
enrolled in the HART-D study, ET had no effect on hs-
cTnT or NT-proBNP. Higher level of hs-cTnT at
baseline identifies individuals with T2D who may
have less improvement in CRF in response to ET.
Future studies are needed to evaluate the effects of
alternative lifestyle interventions on subclinical car-
diac phenotypes.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Among

adults with type 2 diabetes, exercise training did not

reduce levels of high-sensitivity cardiac troponin T or N-

terminal pro-B-type natriuretic peptide which represent

cardiac injury and stress, respectively. Subclinical

myocardial injury, assessed by elevated levels of high-

sensitivity cardiac troponin T, was associated with a

blunted fitness improvement in response to exercise

training.

TRANSLATIONAL OUTLOOK: High-sensitivity cardiac

troponin T levels can identify adults with type 2 diabetes

who are more likely to benefit from exercise training.

Future studies are needed to evaluate the implications of

changes in cardiac biomarkers with exercise training on

cardiovascular disease.
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