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Background

People with type 2 diabetes (T2D) have lower rates of physical activity (PA) than the general population. This is significant because insufficient PA is linked to cardiovascular morbidity and mortality, particularly in individuals with T2D. Previously, we identified a novel barrier to physical activity: greater perceived effort during exercise in women. Specifically, women with T2D experienced exercise at low-intensity as greater effort than women without T2D at the same low-intensity – based on self-report and objective lactate measurements. A gap in the literature is whether T2D confers greater exercise effort in both sexes and across a range of work rates.





Objectives

Our overarching objective was to address these gaps regarding the influence of T2D and relative work intensity on exercise effort. We hypothesized that T2D status would confer greater effort during exercise across a range of work rates below the aerobic threshold.





Methods

This cross-sectional study enrolled males and post-menopausal females aged 50-75 years. Measures of exercise effort included: 1) heart rate, 2) lactate and 3) self-report of Rating of Perceived Exertion (RPE); each assessment was during the final minute of a 5-minute bout of treadmill exercise. Treadmill exercise was performed at 3 work rates: 1.5 mph, 2.0 mph, and 2.5 mph, respectively. To determine factors influencing effort, separate linear mixed effect models assessed the influence of T2D on each outcome of exercise effort, controlling for work rate intensity relative to peak oxygen consumption (%VO2peak). Models were adjusted for any significant demographic associations between effort and age (years), sex (male/female), baseline physical activity, or average blood glucose levels.





Results

We enrolled n=19 people with T2D (47.4% female) and n=18 people (55.6% female) with no T2D. In the models adjusted for %VO2peak, T2D status was significantly associated with higher heart rate (p = 0.02) and lactate (p = 0.01), without a significant association with RPE (p = 0.58).





Discussions

Across a range of low-to-moderate intensity work rates in older, sedentary males and females, a diagnosis of T2D conferred higher objective markers of effort but did not affect RPE. Greater objective effort cannot be fully attributed to impaired fitness, as it persisted despite adjustment for %VO2peak. In order to promote regular exercise and reduce cardiovascular risk for people with T2D, 1) further efforts to understand the mechanistic targets that influence physiologic exercise effort should be sought, and 2) comparison of the effort and tolerability of alternative exercise training prescriptions is warranted.
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1 Introduction

The prevalence of type 2 diabetes (T2D) continues to rise; as of 2022, more than 1 in 10 adults in the United States had T2D (1). Exercise is a cornerstone of treatment for people with T2D, due to its multiple benefits, including improved glycemic control, fitness, and cardiovascular health (2, 3). However, people with type 2 diabetes (T2D) have lower rates of physical activity (PA) than the general population (2, 4). In addition, among adults with T2D, females are less active than males (4). Low activity among people with T2D is a serious health problem because insufficient PA is linked to higher rates of morbidity and premature mortality due to cardiovascular disease, cancer, and disability (2, 3).

Our prior research has identified a novel barrier to physical activity: greater perceived effort during exercise in women (5, 6). In particular, we found that women with T2D experience exercise at low-intensity work rates as greater effort than similarly sedentary and overweight women without T2D — based on self-report (5) and objective lactate (6) measurements. This finding is consistent with earlier work by our laboratory and others that found T2D is linked to impairment of cardiorespiratory fitness by ~10-15%, as measured by the gold standard assessment of peak oxygen consumption (VO2peak) (7–12). In turn, impairment in fitness confers a greater relative work intensity for a given work rate, thus increasing both objective markers of exercise effort and the rate of perceived exertion (10–12). Uncomfortable levels of effort during exercise play a significant role in adherence to physical activity prescriptions (13–15). Given that effort during exercise influences physical activity and is modifiable, it has great potential relevance as a barrier to physical activity that may be treated (16–19). In addition, disparities in effort during exercise may explain some prior barriers to physical activity specifically voiced by people with T2D, such as “difficulty keeping up with others who don’t have diabetes” (20).

There are several potential influences of effort during exercise for people with T2D. In the literature, exercise effort during equivalent absolute work rates has been shown to be influenced by cardiorespiratory fitness (15, 21). In turn, cardiorespiratory fitness in T2D — as measured by VO2peak — is influenced by several factors, including: chronological age and impairments in vascular elasticity and endothelial function, cardiac function, and mitochondrial function (22, 23). Also, it is possible that biological sex may moderate the influence of T2D on exercise effort, given that our prior work found that the presence of T2D conferred a greater impairment of VO2peak on females than males (9). A gap in the literature is whether T2D confers greater exercise effort in both sexes and across a range of work rates.

Our overarching objective in this pilot study was to address the gap in the literature regarding the influence of relative work intensity on exercise effort in a mixed sample of women and men with T2D, as our prior studies demonstrating T2D conferred increased effort were limited to women. We also sought to explore potential demographic factors, including the role of sex as a biological variable given that the presence of T2D confers a greater impairment of VO2peak for females than males (9). Our premise was that if there are no longer significant differences in effort between people with and without T2D after accounting for the lower fitness levels in people with T2D, then standard exercise training tailored to a relative percentage of one’s peak heart rate or VO2peak should be appropriate. In contrast, if exercise effort is still greater in people with T2D at equivalent relative work rates, this would suggest that other mechanistic factors driving effort during exercise need to be identified and addressed to improve exercise adherence. Our first aim (Aim 1a) was to determine the association between T2D and exercise effort across varying absolute work rates below the ventilatory threshold. Due to the known impairment of VO2peak in individuals with T2D (23), our hypothesis for this aim was: across equivalent absolute work rates below the ventilatory threshold, there is greater exercise effort during exercise in participants with T2D compared to those without diabetes. Our second aim (Aim 1b) was to determine the association between T2D and exercise effort at equivalent relative work rates that were adjusted for the relative exercise intensity as compared to that individual’s VO2peak. As there are other affective factors as well as physiologic factors that have been linked to effort during exercise in patients with obesity/T2D in addition to VO2peak, we hypothesized that across equivalent relative work rates below the ventilatory threshold, there is greater exercise effort during exercise in participants with T2D compared to those without diabetes (15, 18, 19, 21, 23). Finally, we explored whether sex as a biological variable, age, baseline physical activity, or average blood sugar levels (i.e., hemoglobin A1c) influenced the outcome of exercise effort in our study sample.




2 Materials and methods



2.1 Study design

This cross-sectional study enrolled males and post-menopausal females aged 50-75 years with and without T2D between 2012-2018. Over a period of 2 months, consented participants completed research eligibility screening visits, and those who met eligibility criteria performed a series of exercise testing visits in our exercise laboratory. The study was approved as human subjects research by the Colorado Multiple Institutional Review Board (COMIRB).




2.2 Recruitment

Participants were identified from community and clinical care settings, using advertisements in local newspapers, community centers and in clinics within the University of Colorado Health system. An initial phone screening questionnaire was used to identify interested participants who appeared eligible based on the inclusion criteria. Interested participants completed an in-person informed consent and completed a medical history and physical with further laboratory and other screening tests at an initial research eligibility screening visit. Eligible participants after the initial screening visit completed a second research screening visit, including a maximal exercise treadmill test to rule out participants with ischemic electrocardiogram changes during exercise. The following inclusion and exclusion criteria were assessed over both research screening visits — participants that met these criteria were enrolled in the study.

• Inclusion criteria:

	o Age = 50-75 years (Justification: this range was selected to be inclusive of post-menopausal middle-aged to older women and age-similar men; in terms of the upper limit of age, we selected age 75 years as an age cutoff above which our participants were more likely to experience functional impairments with exercise due to arthritis).

	o Body Mass Index (BMI) = 25-35 kg/m2 (Justification: this range was selected in order to include both overweight and obese participants, but to avoid the potential influence of more severe obesity to alter the biomechanics of gait and thus confound effort).

	o In women, post-menopausal based on both follicle stimulating hormone > 15 mg/dl and no menses for 1 year.

	o Sedentary, by leisure physical activity ≤ 60 minutes weekly, assessed by the Low Physical Activity Recall (LOPAR) survey (24).

	o For healthy controls ONLY: normoglycemia – fasting glucose < 100 mg/dl and hemoglobin A1c < 5.7% (25).

	o For patients with T2D ONLY: diagnosis of T2D within the last 15 years, no microvascular complications of diabetes, reasonable glycemic control with hemoglobin A1c < 8.0%, and the only allowable medications to take for diabetes were metformin or sulfonylureas.



• Exclusion criteria used in our prior studies of exercise in patients with T2D (7, 26) – assessed by medical history and physical by a research-trained physician:

	o Medications that lower heart rate (beta blockers or calcium channel blockers), as heart rate is one of the assessments of exercise effort.

	o Estrogen hormone replacement therapy.

	o Uncontrolled hypertension > 140/90 mm Hg at rest or > 250/115 mm Hg during maximal exercise testing.

	o Atherosclerotic disease (e.g., history of coronary artery disease, cerebrovascular disease, peripheral artery disease (PAD)) – assessed by maximal exercise treadmill test and screening ankle brachial index.

	o Chronic obstructive pulmonary disease (assessed by pulmonary function test as the ratio of forced expiratory volume in 1 second over forced vital capacity < 0.7).

	o Exertional musculoskeletal symptoms.

	o Smoking within last 1 year.

	o Chronic kidney or liver disease (assessed by laboratory testing – abnormal creatinine clearance or liver function tests).

	o Autonomic dysfunction.

	o Clinical evidence of cognitive dysfunction (assessed by Folstein Mini-Mental Status exam score < 25).






2.3 Study setting

All study visits took place at the University of Colorado’s NIH-funded Clinical Translational Research Center. All study procedures, including submaximal and maximal testing, were conducted by our experienced research assistants. A physician supervised the initial maximal exercise test.




2.4 Description of study exercise effort outcome variables



2.4.1 Primary outcome variable: Borg rating of perceived exertion

RPE is the gold standard measure of perceived effort during exercise in both healthy populations (2, 21, 27) and populations with T2D (28). The range of scores on this scale is from 6-20. Higher scores on the RPE scale represent greater perceived exercise effort.

	• Lactate level was measured using the lactate dehydrogenase method on serum drawn in perchloric acid tubes (7).

	• Heart rate (beats per minute) was measured by the heart rate assessed by the metabolic cart (Medgraphics Ultima CPX metabolic cart, Minneapolis, MN), generated from assessment by the 12-lead ECG leads.






2.4.2 Description of potential covariates

	• Cardiorespiratory Fitness (VO2peak) was measured during maximal exercise treadmill tests with breath-by-breath VO2 and VCO2 (Medgraphics Ultima CPX metabolic cart, Minneapolis, MN), blood pressure (auscultation), and cardiac status (12-lead electrocardiogram). To determine VO2peak, subjects exercised to exhaustion using a standard protocol as previously described (7, 8, 26). During incremental exercise testing, the highest VO2 and heart rate averaged over 20 seconds were defined as the peak values. VO2peak was confirmed by a respiratory exchange ratio (RER) greater than 1.10 and VO2 plateau during the final minute of exercise. Based on the VO2peak test, we also identified the Ventilatory Threshold (VT) for each participant using the V-slope method (10).. Briefly, VT is defined as the point of non-linear increase in expired CO2 (VCO2), and assessing this for each participant was relevant in order to exclude data from work rates that were not at steady-state (i.e., above VT).

	• Age (years) was assessed during the medical history and physical visit.

	• Sex (male/female) was assessed during the medical history and physical visit.







2.5 Study visits

A brief narrative of each study visit is provided, as well as a visual summary depiction of the major activities from each visit (Figure 1).

	• (Visits 1 and 2 – eligibility screening visits): Informed consent and medical screening visit which includes obtaining informed consent and completing the LOPAR survey and screening laboratory tests needed to assess the inclusion/exclusion criteria. All participants performed a maximal exercise stress test to rule out ischemia, and completed pulmonary function tests and autonomic nervous system tests to confirm inclusion/exclusion criteria. The study physician performed a medical history and physical examination to confirm inclusion/exclusion criteria. Participants also completed a dietary survey and performed a bone densitometry test (DEXA) to obtain the body composition measures for VO2peak, and received an accelerometer to wear for 1 week.

	• Study diets for Visits 3-5: For optimal performance, meals with 45% carbohydrate, 35% fat, and 20% protein content matched participants’ caloric needs for the 3 days immediately prior to exercise testing. Caloric needs were determined from participants’ body composition by DEXA. Participants also fasted for 4 hours prior to performing exercise on visits 3-5.

	• Visit 3: Participants performed a maximal treadmill exercise test to assess VO2peak.

	• Visits 4-5: Exercise testing and blood draws were identical during Visits 4 and 5, as it is an excessive participant burden to complete these tests in one day. On both study days, participants performed one 5-minute bout of treadmill exercise at each of three constant work rates. The work rates were performed in order of ascending difficulty, beginning at low intensity (1.5 mph and 2 mph at 0% grade), then progressing to moderate intensity (2.5 mph at 0% grade). To compare to our prior studies of effort during cycle ergometer exercise, 2 mph at 0% grade of treadmill exercise is comparable to 30W of cycle ergometer exercise. Resting blood pressure and heart rate were assessed and serum lactate levels were drawn from an IV at rest before the first exercise bout. At the beginning of the 5th minute of each exercise bout, participants rated RPE, serum lactate levels were drawn from the IV, and heart rate was assessed.






Figure 1 | Visual summary of the main activities during each study visit.






2.6 Analysis

All statistical analyses were carried out using R Version 3.6.2 and SAS version 9.3. Our analyses sought to test these two hypotheses:

	Hypothesis 1a: Across equivalent absolute work rates below the Ventilatory Threshold (VT), there is greater effort during exercise in participants with T2D compared to those without diabetes.

	Hypothesis 1b: Across equivalent relative work rates below the VT, there is greater effort during exercise in participants with T2D compared to those without diabetes.



The analytic approach first sought to confirm all data from both visit 4 and visit 5 were obtained at steady-state work rates below the VT, in accordance with our specific aims. In brief, we compared the oxygen consumption (VO2) at the individual’s work rates during the submaximal tests during Visits 4 and 5 to the VO2 at the individual’s VT. The VO2 that corresponded with an individual’s VT was used to determine if each work rate was above or below VT. The rationale for this was that effort at work rates above VT should not be included as it would not be at steady-state. This was a 2-step process. We first identified 2 categories for each bout of submaximal exercise: 1) “definitely below VT” – based on all four 15-second VO2 averages in the final minute of exercise being below VT; 2) “possibly above VT” – based on at least one mean VO2 in the final minute being above the VT. For the “possibly above VT” measures, two independent study team members (KC and AGH) conducted a qualitative assessment to clarify if the breath-by-breath VO2 had plateaued in the 5th minute of the bout or not. If there was breath-by-breath VO2 plateau, then we recategorized this work rate as “definitely below VT”, but if there was no plateau, we excluded the effort data on that work rate from the analyses to test hypotheses 1a and 1b.

Prior to hypothesis testing, descriptive statistics were calculated on study variables using means and standard deviations (SDs) for continuously measured variables and proportions for categorically measured variables. Data from visits 4 and 5 were averaged for all statistical modeling after ensuring consistency in responses of all predictors/outcomes between study visits, including confirmation that VO2 data used in the model were obtained at steady-state workloads below VT as described above. Consistency in responses between visits was confirmed through mixed effects regression models that included visit as a factor (main effect and interaction with T2D status) predicting each outcome and observing no significant differences by visit (p values ranged from 0.36 to 0.96). Mixed effect regression models were estimated to determine the association of T2D with exercise effort across equivalent absolute work rates (Hypothesis 1a) and relative work rates (Hypothesis 1b), using an alpha = 0.05.

The same general modeling process was followed for both hypotheses, whereby the primary association of interest was of T2D status with each of the three outcomes of exercise effort (i.e., heart rate, lactate, and RPE). Separate linear mixed models were developed for each of the three outcomes (six models total). Models were estimated that had the same general form of time/bout, T2D status, and the time by T2D status interaction as the fixed effects of interest. Mixed effects regression models were used so that a subject-level random effect could be included to account for the repeated measures data structure of bout nested within patients (29). A time by T2D status interaction signifies that the impact of absolute work rate (Hypothesis 1a) or relative work rate (Hypothesis 1b) on exercise efforts over the three exercise bouts differed for patients with T2D vs. without T2D. In all instances, the interaction term was non-significant and lower order terms were interpreted accordingly as the average difference between those with T2D and without T2D, and the average impact of absolute work rate (Hypothesis 1a) or relative work rate (%VO2peak; Hypothesis 1b) over time on exercise effort.

Age, baseline physical activity, sex, and average glucose levels (i.e., Hemoglobin A1c) were tested as potential covariates in all models, and were only retained in the model if they significantly impacted exercise effort outcomes (p < 0.05); most covariates were therefore trimmed from the final models for parsimony, however, conclusions of the primary effects of interest were consistent across unadjusted and adjusted models. A subject-level random effect was modeled to account for the repeated measures data structure of bouts nested within patients. Only work rates below the VT were used in modeling, and we required at least 50% of subjects within each group to have steady state VO2 data below VT available to include a given bout in analyses; this resulted in sufficient data coverage to use the three bouts of exercise at 1.5 mph, 2.0 mph and 2.5 mph in these analyses.





3 Results

We enrolled n=19 people with T2D (47.4% female) and n=18 people (55.6% female) with no T2D who met our study eligibility criteria (Table 1). There were no differences in the distribution of age, sex or race/ethnicity by T2D status. The group with T2D was more likely to have a diagnosis of hypertension (p = 0.001) and had higher average glucose levels based on Hemoglobin A1c (p < 0.001) than those without T2D. As expected from our prior work, cardiorespiratory fitness was significantly worse (p < 0.001) in those with T2D (21.8 ± 3.2 ml/kg/min) vs. overweight, sedentary controls with no T2D (24.8 ± 5.8 ml/kg/min). Both study groups (i.e., with T2D and without T2D) achieved criteria for a valid VO2peak.


Table 1 | Demographic and physiologic measures.





3.1 Assessment of the influence of T2D on effort during exercise

In the Hypothesis 1a models used to test the influence of T2D on effort at absolute work rates, people with T2D had a significantly higher heart rate (Figure 2A, p = 0.002 averaged across all 3 bouts), and a significantly higher lactate level (Figure 2B, p = 0.009 averaged across all 3 bouts). RPE was not significantly higher across the 3 bouts of exercise (Figure 2C, p = 0.75 averaged across all 3 bouts). Of note, the reported p-values were appropriate to average across all 3 bouts for each of the models because there was no effect modification by bout of the association between T2D status and effort.




Figure 2 | Type 2 Diabetes status confers higher heart rate and lactate levels during exercise, but no significant difference in RPE. The assessment of effort as heart rate (A), lactate levels (B) and RPE (C) during exercise were averaged across 3 treadmill bouts of 1.5 mph, 2.0 mph, and 2.5 mph. Data are shown as mean (bar graph) and standard deviations (error bars) are stratified by bout and Type 2 Diabetes status (n=18 with T2D, 55.6% female; no T2D (n=19, 47.4% female). (A) (heart rate) Bout 1: 90.6 (9.8) vs. 81.0 (7.8), Bout 2: 93.9 (10.8) vs. 82.6 (7.5), Bout 3: 98.1 (11.9) vs. 87.7 (6.4), p=0.002 averaged across bouts; (B) (lactate) Bout 1: 0.73 (0.27) vs. 0.51 (0.19), Bout 2: 0.73 (0.28) vs. 0.51 (0.16), Bout 3: 0.65 (0.23) vs. 0.50 (0.17), p = 0.009 averaged across bouts; (C) (RPE) Bout 1: 7.7 (1.3) vs. 7.5 (0.82), Bout 2: 8.2 (1.3) vs. 7.6 (1.3), Bout 3: 8.6 (1.5) vs. 8.3 (1.9), p = 0.75 averaged across bouts. The reported p-values were appropriate to average across all 3 bouts for each of the models because there was no effect modification by bout of the association between T2D status and effort.



In the Hypothesis 1b models, we used the same data points as for Aim 1a. However, this analysis compared the association of T2D status and effort with adjustment for the relative work intensity of %VO2peak during each bout (Figure 3). In these adjusted models, the p-values were attenuated with adjustment for the relative work intensity; however, T2D status was still significantly associated with higher heart rate (p = 0.02) and lactate (p = 0.01), respectively, as shown in Figure 3. There remained no significant association with RPE (p = 0.58). In an exploratory analysis, we did not find any association between sex, baseline physical activity, or average glucose levels (HbA1c) and effort, so in accordance with our analytic plan these were trimmed from the final models. Higher age (years) was significantly associated with a higher heart rate during exercise (P = 0.02), but was not associated with either heart rate or RPE. Accordingly, the data presented here from model 1b.1 for heart rate were adjusted for age.




Figure 3 | Differences in objective exercise effort persist after adjustment for relative work intensity. Data are displayed as scatter plots between effort (y-axis) of heart rate (A), lactate levels (B) and RPE (C) during exercise and the relative work intensity (x-axis) of the percentage of peak oxygen consumption displayed as a fraction (i.e., 0.30 = 30% VO2peak) during each bout of 1.5 mph, 2.0 mph and 2.5 mph. Identical participants as shown in Figure 2: (T2D) status (n=18 with T2D, 55.6% female; no T2D (n=19, 47.4% female). In these adjusted models, the p-values were attenuated with adjustment for the relative work intensity; however, T2D status was still significantly associated with higher heart rate (p=0.02) and lactate (p=0.01), respectively, but there remained no significant association with RPE (p=0.58).







4 Discussion

Across a range of 3 low-to-moderate intensity work rates (1.5-2.5 mph) of treadmill exercise in older males and post-menopausal female individuals with and without T2D, the presence of T2D conferred higher objective markers of effort of heart rate and lactate, but did not influence RPE. These findings of greater objective effort during exercise cannot be fully attributed to impaired fitness levels, as the association between T2D and heart rate and lactate was still statistically significant after adjustment for %VO2peak – albeit partly attenuated. In sum, our findings for heart rate and lactate supported our hypotheses that there would be greater effort during exercise at both absolute and relative work rates in people with T2D as compared to no diabetes, but our findings for RPE ran counter to both of these hypotheses.

Our findings need to be placed in context of the prior work of our team and others – these data are the first (to our knowledge) to demonstrate objective exercise effort at pre-specified absolute and relative work rates in both males and females with T2D as compared to their peers without diabetes. We and others previously found that mid-life to older adults with T2D have greater markers of objective effort during cycle ergometer exercise and during a 6-minute walk test (5, 6, 30) – these data are the first (to our knowledge) to demonstrate objective exercise effort at pre-specified absolute and relative work rates in both males and females with T2D as compared to their peers without diabetes. Thus in contrast to our prior reports, these data show that both heart rate and lactate markers of effort are greater in both women and men, even at relatively low-intensity exercise. Data on RPE as a subjective marker of effort have been mixed, with one study in pre-menopausal women showing RPE is significantly higher in those with T2D vs. no T2D (5), and two studies showing no difference in RPE by T2D status (6, 30). We speculate that differences in objective effort may be observed before an individual becomes conscious of a higher level of perceived effort. Others have found that metformin influences heart rate during exercise; a recent meta-analysis found that the use of metformin for people with T2D leads to a modest but statistically significant increase in heart rate (31), and this is relevant as 61% of the patients with T2D in this study were taking metformin, whereas none of the control participants were taking this medicine. However, in one of our prior studies with greater objective effort during cycle ergometer exercise, none of the participants with T2D were taking metformin (5), so there appears to be factors outside of medication that influence disparate effort in those with T2D.

This study also explored the influence of sex as a biological variable, age, baseline physical activity and average glucose levels on effort. In the models that were adjusted for relative work intensity (%VO2peak), none of these covariates were retained for the models of lactate and RPE, and only age met criteria for retention in the model of heart rate. This was an exploratory analysis, so we need to be cautious with our conclusions, but it does not appear that there are different drivers of the higher levels of lactate and heart rate between the sedentary males and females studied, and the heart rate effort remained greater in those with T2D vs. no T2D even after adjustment for age. Future research should consider evaluating other demographic factors, comorbid conditions (e.g., hypertension, metformin/other medication use), and mechanistic moderators of the relationship between T2D and exercise effort, including insulin resistance, endothelial dysfunction and diastolic dysfunction (22, 32, 33).

The clinical implication of these data, and prior findings that effort during exercise is higher for people with T2D (5, 6, 30), is to lend further support to tailoring exercise goals to an individual’s exercise effort. This is in keeping with the published Physical Activity Guidelines for Americans in 2018 that supports that “all movement matters” to support health, from light to moderate to vigorous intensity exercise (3), and the recommendations by the American Diabetes Association to consider any movement as an initial “stepping stone” exercise prescription towards the recommended health goal of 150 minutes of weekly walking or other moderate intensity activity (2). In addition, a recent article suggested that exercise effort may explain >65% of the variance in activity in older adults, and suggested basing exercise prescriptions on heart rate or other objective physiologic effort for elders (33). Two small studies in individuals with T2D evaluated how the dose of exercise may influence effort and health (34, 35); specifically, Coquart et al. found that intermittent exercise generated lower RPE and HR as compared to a similar dose of continuous exercise; Viana et al. found that comparing high-intensity interval training with intensity based on either RPE or HR may have more salutary effects on blood pressure and glycemic control than a standard 30-minute continuous bout of exercise training (34, 35). Taken together, our findings in light of the published literature support further testing of alternate exercise prescriptions tailored to effort level on physiological outcomes and on exercise adherence, as compared to standard exercise training approaches.

This study has both strengths and limitations. A strength, as compared to our prior studies comparing effort in people with and without T2D during cycle ergometer exercise (5, 6), is that this study compared effort during treadmill exercise, and walking is the preferred activity for many adults with T2D (20, 33, 36). A limitation is that this pilot study did not have a sufficient sample size to model complex relationships, such as potential moderators of the association of T2D with exercise effort (e.g., sex as a biological variable, hypertension diagnosis, metformin use, insulin resistance, endothelial function, and diastolic dysfunction). There are also limitations in terms of the representativeness and generalizability of our findings, as our recruitment methods and study inclusion criteria led to the inclusion of a healthier cross-section of middle-aged to older patients with T2D than the general population with this disease — this limitation may have dampened the signal of increased exercise effort conferred by T2D.

In conclusion, this study adds to the literature showing that objective markers of effort during exercise are significantly higher in people with T2D as compared to those without diabetes (5, 6, 30). In order to promote regular exercise and reduce cardiovascular risk, further efforts to understand the mechanistic targets to reduce the modifiable barrier of physiologic exercise effort in T2DM should be sought. In addition, given that adherence to physical activity is lower when exercise effort is greater (33), further studies to compare both the effort/tolerability and health effects of novel exercise training strategies for patients with T2D are warranted — intermittent exercise prescriptions tailored to exercise effort (35) may be particularly promising. Our group is also considering the role of motivational interviewing-based behavioral interventions focused on identifying and doing enjoyable and meaningful physical activity (36), and high-resistance inspiratory muscle strength training (IMST) that has the potential to improve exercise tolerance, as well as cardiac and vascular function (37, 38).





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

The studies involving human subjects were approved by the Colorado Multiple Institutional Review Board (Approval #11-0909). The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.





Author contributions

AH: Conceptualization, Funding acquisition, Methodology, Project administration, Writing – original draft, Writing – review & editing. RS: Conceptualization, Writing – review & editing. XY: Formal analysis, Visualization, Writing – review & editing. SS: Conceptualization, Formal analysis, Writing – review & editing. JEBR: Conceptualization, Writing – review & editing. AD: Conceptualization, Writing – review & editing. KC: Data curation, Project administration, Writing – review & editing. JGR: Conceptualization, Methodology, Supervision, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This study was supported by the National Institutes of Health/NCATS Colorado CTSA Grant Number K12 TR004412 to AH. Additional funding support for co-authors was provided by the National Institutes of Health: P30DK116073 to JEBR, UL1TR001082 to JEBR, R01AG066562 to JEBR, R01DK124344 to JEBR and JGR, K12AR084226 to JGR, NIH/NCATS Colorado CTSA Grant Number UM1 TR004399 (Biostatistical support from SS and XY, and REDCap data platform); the Ludeman Family Center for Women’s Health Research (AGH, RLS, JEBR, and JGR), and the Department of Veterans Affairs (BX004533 to RLS, BX002046 to JEBR, and CX001532 to JEBR). Contents are the authors’ sole responsibility and do not necessarily represent official NIH or Department of Veterans Affairs views.





Conflict of interest

AD was employed by Klein-Buendel, Inc.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Centers for Disease Control and Prevention. National Diabetes Statistics Report . Available online at: https://www.cdc.gov/diabetes/data/statistics-report/index.html.

2. Colberg, SR, Sigal, RJ, Yardley, JE, Riddell, MC, Dunstan, DW, Dempsey, PC, et al. Physical activity/exercise and diabetes: A position statement of the American diabetes association. Diabetes Care. (2016) 39:2065–79. doi: 10.2337/dc16-1728

3. Piercy, KL, Troiano, RP, Ballard, RM, Carlson, SA, Fulton, JE, Galuska, DA, et al. The physical activity guidelines for Americans. JAMA. (2018) 320:2020–8. doi: 10.1001/jama.2018.14854

4. Whipple, MO, Pinto, AJ, Abushamat, LA, Bergouignan, A, Chapman, K, Huebschmann, AG, et al. Sex differences in physical activity among individuals with type 2 diabetes across the life span: A systematic review and meta-analysis. Diabetes Care. (2022) 45:2163–77. doi: 10.2337/dc22-0576

5. Huebschmann, AG, Reis, EN, Emsermann, C, Dickinson, LM, Reusch, JE, Bauer, TA, et al. Women with type 2 diabetes perceive harder effort during exercise than nondiabetic women. Appl. Physiol. Nutr. Metab. (2009) 34:851–7. doi: 10.1139/H09-074

6. Huebschmann, AG, Kohrt, WM, Herlache, L, Wolfe, P, Daugherty, S, Reusch, JE, et al. Type 2 diabetes exaggerates exercise effort and impairs exercise performance in older women. BMJ Open Diabetes Res. Care. (2015) 3:e000124. doi: 10.1136/bmjdrc-2015-000124

7. Regensteiner, JG, Bauer, TA, Reusch, JE, Brandenburg, SL, Sippel, JM, Vogelsong, AM, et al. Abnormal oxygen uptake kinetic responses in women with type II diabetes mellitus. J. Appl. Physiol. (1985). (1998) 85:310–7. doi: 10.1152/jappl.1998.85.1.310

8. Scalzo, RL, Bauer, TA, Harrall, K, Moreau, K, Ozemek, C, Herlache, L, et al. Acute vitamin C improves cardiac function, not exercise capacity, in adults with type 2 diabetes. Diabetol. Metab. Syndr. (2018) 10:7. doi: 10.1186/s13098-018-0306-9

9. Regensteiner, JG, Bauer, TA, Huebschmann, AG, Herlache, L, Weinberger, HD, Wolfel, EE, et al. Sex differences in the effects of type 2 diabetes on exercise performance. Med. Sci. Sports Exerc. (2015) 47:58–65. doi: 10.1249/MSS.0000000000000371

10. Beaver, WL, Wasserman, K, and Whipp, BJ. A new method for detecting anaerobic threshold by gas exchange. J. Appl. Physiol. (1985). (1986) 60:2020–7. doi: 10.1152/jappl.1986.60.6.2020

11. Harber, MP, Kaminsky, LA, Arena, R, Blair, SN, Franklin, BA, Myers, J, et al. Impact of cardiorespiratory fitness on all-cause and disease-specific mortality: advances since 2009. Prog. Cardiovasc. Dis. (2017) 60:11–20. doi: 10.1016/j.pcad.2017.03.001

12. Lavie, CJ, Arena, R, Swift, DL, Johannsen, NM, Sui, X, Lee, DC, et al. Exercise and the cardiovascular system: clinical science and cardiovascular outcomes. Circ. Res. (2015) 117:207–19. doi: 10.1161/CIRCRESAHA.117.305205

13. Sallis, JF, Haskell, WL, Fortmann, SP, Vranizan, KM, Taylor, CB, and Solomon, DS. Predictors of adoption and maintenance of physical activity in a community sample. Prev. Med. (1986) 15:331–41. doi: 10.1016/0091-7435(86)90001-0

14. Perri, MG, Anton, SD, Durning, PE, Ketterson, TU, Sydeman, SJ, Berlant, NE, et al. Adherence to exercise prescriptions: effects of prescribing moderate versus higher levels of intensity and frequency. Health Psychol. (2002) 21:452–8. doi: 10.1037//0278-6133.21.5.452

15. Dishman, RK, and Buckworth, J. Increasing physical activity: a quantitative synthesis. Med. Sci. Sports Exerc. (1996) 28:706–19. doi: 10.1097/00005768-199606000-00010

16. Lacharite-Lemieux, M, Brunelle, JP, and Dionne, IJ. Adherence to exercise and affective responses: comparison between outdoor and indoor training. Menopause. (2015) 22:731–40. doi: 10.1097/GME.0000000000000366

17. Skrinar, GS, Ingram, SP, and Pandolf, KB. Effect of endurance training on perceived exertion and stress hormones in women. Percept. Mot Skills. (1983) 57:1239–50. doi: 10.2466/pms.1983.57.3f.1239

18. Bernhardt, V, Stickford, JL, Bhammar, DM, and Babb, TG. Aerobic exercise training without weight loss reduces dyspnea on exertion in obese women. Respir. Physiol. Neurobiol. (2016) 221:64–70. doi: 10.1016/j.resp.2015.11.004

19. Bernhardt, V, Bhammar, DM, Marines-Price, R, and Babb, TG. Weight loss reduces dyspnea on exertion and unpleasantness of dyspnea in obese men. Respir. Physiol. Neurobiol. (2019) 261:55–61. doi: 10.1016/j.resp.2019.01.007

20. Korkiakangas, EE, Alahuhta, MA, and Laitinen, JH. Barriers to regular exercise among adults at high risk or diagnosed with type 2 diabetes: a systematic review. Health Promot Int. (2009) 24:416–27. doi: 10.1093/heapro/dap031

21. Borg, GA. Psychophysical bases of perceived exertion. Med. Sci. Sports Exerc. (1982) 14:377–81. doi: 10.1249/00005768-198205000-00012

22. Abushamat, LA, McClatchey, PM, Scalzo, RL, Schauer, I, Huebschmann, AG, Nadeau, KJ, et al. Mechanistic causes of reduced cardiorespiratory fitness in type 2 diabetes. J. Endocr. Soc. (2020) 4:bvaa063. doi: 10.1210/jendso/bvaa063

23. Huebschmann, AG, Huxley, RR, Kohrt, WM, Zeitler, P, Regensteiner, JG, and Reusch, JEB. Sex differences in the burden of type 2 diabetes and cardiovascular risk across the life course. Diabetologia. (2019) 62:1761–72. doi: 10.1007/s00125-019-4939-5

24. Hiatt, WR, Hirsch, AT, Regensteiner, JG, and Brass, EP. Clinical trials for claudication. Assessment of exercise performance, functional status, and clinical end points. Vascular Clinical Trialists. Circulation. (1995) 92:614–21. doi: 10.1161/01.CIR.92.3.614

25. Selvin, E, Steffes, MW, Gregg, E, Brancati, FL, and Coresh, J. Performance of A1C for the classification and prediction of diabetes. Diabetes Care. (2011) 34:84–9. doi: 10.2337/dc10-1235

26. Regensteiner, JG, Bauer, TA, Reusch, JE, Quaife, RA, Chen, MY, Smith, SC, et al. Cardiac dysfunction during exercise in uncomplicated type 2 diabetes. Med. Sci. Sports Exerc. (2009) 41:977–84. doi: 10.1249/MSS.0b013e3181942051

27. Chen, MJ, Fan, X, and Moe, ST. Criterion-related validity of the Borg ratings of perceived exertion scale in healthy individuals: a meta-analysis. J. Sports Sci. (2002) 20:873–99. doi: 10.1080/026404102320761787

28. Kunitomi, M, Takahashi, K, Wada, J, Suzuki, H, Miyatake, N, Ogawa, S, et al. Re-evaluation of exercise prescription for Japanese type 2 diabetic patients by ventilatory threshold. Diabetes Res. Clin. Pract. (2000) 50:109–15. doi: 10.1016/S0168-8227(00)00170-4

29. Faraway, J. Extending the Linear Model with R: Generalized Linear, Mixed Effect and Nonparametric Regression Models. New York: Taylor & Francis eBooks (2016). doi: 10.1201/9781315382722

30. Senefeld, JW, D'Astice, SE, Harmer, AR, and Hunter, SK. Increased cardiovascular response to a 6-minute walk test in people with type 2 diabetes. Diabetes Spectr. (2020) 33:104–10. doi: 10.2337/ds19-0002

31. Das, S, Behera, SK, Srinivasan, A, Xavier, AS, Selvarajan, S, Kamalanathan, S, et al. Effect of metformin on exercise capacity: A meta-analysis. Diabetes Res. Clin. Pract. (2018) 144:270–8. doi: 10.1016/j.diabres.2018.08.022

32. Grotle, AK, Kaur, J, Stone, AJ, and Fadel, PJ. Neurovascular dysregulation during exercise in type 2 diabetes. Front. Physiol. (2021) 12:628840. doi: 10.3389/fphys.2021.628840

33. LaRoche, DP, Melanson, EL, Baumgartner, MP, Bozzuto, BM, Libby, VM, and Marshall, BN. Physiological determinants of walking effort in older adults: should they be targets for physical activity intervention? Geroscience. (2018) 40:305–15. doi: 10.1007/s11357-018-0032-0

34. Coquart, JB, Lemaire, C, Dubart, AE, Luttembacher, DP, Douillard, C, and Garcin, M. Intermittent versus continuous exercise: effects of perceptually lower exercise in obese women. Med. Sci. Sports Exerc. (2008) 40:1546–53. doi: 10.1249/MSS.0b013e31816fc30c

35. Viana, AA, Fernandes, B, Alvarez, C, Guimaraes, GV, and Ciolac, EG. Prescribing high-intensity interval exercise by RPE in individuals with type 2 diabetes: metabolic and hemodynamic responses. Appl. Physiol. Nutr. Metab. (2019) 44:348–56. doi: 10.1139/apnm-2018-0371

36. Huebschmann, AG, Glasgow, RE, Leavitt, IM, Chapman, K, Rice, JD, Lockhart, S, et al. Integrating a physical activity coaching intervention into diabetes care: a mixed-methods evaluation of a pilot pragmatic trial. Transl. Behav. Med. (2022) 12:601–10. doi: 10.1093/tbm/ibac014

37. Craighead, DH, Freeberg, KA, McCarty, NP, and Seals, DR. Time-efficient, high-resistance inspiratory muscle strength training for cardiovascular aging. Exp. Gerontol. (2021) 154:111515. doi: 10.1016/j.exger.2021.111515

38. Craighead, DH, Freeberg, KA, Heinbockel, TC, Rossman, MJ, Jackman, RA, McCarty, NP, et al. Time-efficient, high-resistance inspiratory muscle strength training increases exercise tolerance in midlife and older adults. Med. Sci. Sports Exerc. (2024) 56:266–76. doi: 10.1249/MSS.0000000000003291




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2024 Huebschmann, Scalzo, Yang, Schmiege, Reusch, Dunn, Chapman and Regensteiner. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcdhc-05-1346716-g002.jpg
Heart rate.

8

Bout

control

Lactate

1.0

075

025

00

Bout

group

20

RPE

100

75

50

25

00,

[

—t—

Bout

group
control





OEBPS/Images/fcdhc.2024.1346716_cover.jpg
& frontiers | Frontiers in Clinical Diabetes and Healthcare

Type 2 diabetes is linked to higher
physiologic markers of effort during exercise





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Type 2 diabetes is linked to higher physiologic markers of effort during exercise

      

        		

          Background

        



        		

          Objectives

        



        		

          Methods

        



        		

          Results

        



        		

          Discussions

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Study design

          



          		

            2.2 Recruitment

          



          		

            2.3 Study setting

          



          		

            2.4 Description of study exercise effort outcome variables

          

            		

              2.4.1 Primary outcome variable: Borg rating of perceived exertion

            



            		

              2.4.2 Description of potential covariates

            



          



          



          		

            2.5 Study visits

          



          		

            2.6 Analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Assessment of the influence of T2D on effort during exercise

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fcdhc-05-1346716-g001.jpg
Cross-sectional study to compare exercise effort
among older, sedentary adults by Type 2

diabetes (T2D) status

‘ Exclusion criteria included:
¢ Prediabetes

Visits 1-2: Screening visits to complete informed consent and (Hemoglobin Alc 5.8-

to confirm inclusion criteria of age 50-75 year, the presence 6.4%)

or absence of T2D, and no exclusion criteria * Comorbid conditions

that may limit exercise
performance (e.g.,
coronary artery disease,

No T2D or prediabetes
(Hemoglobin Alc < 5.7%)

Clinical diagnosis of T2D

congestive heart failure,
chronic kidney/liver
Visit 3: Maximal exercise treadmill test to assess disease)
cardiorespiratory fitness (VO2peak) after a 3-day metabolic diet * Body Mass Index < 25

‘ kg/m? or >35 kg/m?

Visits 4-5: Tests to assess exercise effort in the 5t minute of steady-state treadmill exercise* across 3 workloads:
* 1.5mph
* 2.0mph

¢« 2.5mph
*Steady-state exercise confirmed by comparing VO,steady-state in 5" minute of exercise to each participant’s ventilatory threshold calculated
during the Visit 3 maximal exercise test






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcdhc-05-1346716-g003.jpg
Heart rate

< [=m . T —

+ S —=. .
H . k - g ool o 3 = vee
g 34 . . s & g

o | > % .

S T T T T T T T T T T T T T T

% VOR peak 9% VO2 peak % VO2 peak.





OEBPS/Images/logo.jpg
< frontiers | Frontiers in Clinical Diabetes and Healthcare





OEBPS/Images/table1.jpg
Overweight Type 2
sedentary diabetes
controls (T2D)
without n=18
T2D n=19
Age (years) 60.6 (6.2) 61.9 (54) P=0.49
% Female 474 55.6 P=0.87
Race/Ethnicity 84.2% White 55.6% White | P =0.12
5.3% Black 16.7% Black for white
0% Asian 11.1% Asian Vs. non-
5.3% America Indian 0% America white;
or Alaska Native Indian or P =0.803
10.5% Hispanic Alaska for
Native Hispanic
11.1% vS.
Hispanic not
Hispanic
Body Mass Index 30.05 (2.8) 31.58 (3.5) P=0.16
(kg/m®)
Hypertension 5.3 61.1 P =0.001
diagnosis (%yes)
Hemoglobin Alc 5.3 (0.3) 6.6 (0.7) P < 0.001
Use of metformin to 0% 61% P <0.001
treat T2D
Self-reported physical 242 (25) 232 (38) P =0.375
activity (Metabolic
Equivalent (MET)-
hours per week)
Objective physical 871 (86) 916 (55) P =0.07
activity (counts)
Peak oxygen 24.8 (5.8) 21.8 (3.2) P <0.001
consumption
(VO,peak) (ml/
kg/min)
Respiratory Exchange 1.13 (0.12) 1.13 (0.09) P =0.86
Ratio at VO,peak
Data presented as % (categorical data) or as mean (SD) for continuous data.
Figure titles are provided first, followed by a thumbnail graphic, and followed by the caption.
There are separate graphics files uploaded and these thumbnails are only included for the ease

of reviewers.





