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Impact of Pre-operative Aerobic Exercise on Cardiometabolic Health and Quality of Life in Patients Undergoing Bariatric Surgery
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Objective: Examine the effect of aerobic exercise (EX) combined with standard medical care (SC) (EX + SC) compared to SC alone on cardiometabolic health and quality of life in relation to surgical outcomes.

Methods: Patients receiving bariatric surgery were match-paired to 30 days of pre-operative SC (n = 7, 1 male, 39.0 ± 5.3 years, body mass index 46.4 ± 3.0 kg/m2; low calorie diet) or EX + SC (n = 7, 0 males, 45.6 ± 4.8 years, body mass index 43.9 ± 4.2 kg/m2; walking 30 min/day, 5 days/week, 65–85% HRpeak). Body mass, waist circumference, cardiorespiratory fitness (VO2peak), high sensitivity C-reactive protein (hs-CRP), cytokeratin 18 (CK18), weight related quality of life (QoL), and a 120 min mixed meal tolerance test (MMTT) was performed to assess arterial stiffness via augmentation index normalized to a heart rate of 75 beats per minute (AIx@75), whole-body insulin sensitivity, and glucose total area under the curve (tAUC) pre- and post-intervention (∼2 days prior to surgery). Length of hospital stay (admission to discharge) was recorded.

Results: EX + SC had a greater effect for decreased intake of total calories (P = 0.14; ES = 0.86) compared to SC, but no change in body weight or waist circumference was observed in either group. EX + SC had a greater effect for increased VO2peak (P = 0.24; ES = 0.91) and decreased hs-CRP (P = 0.31; ES = 0.69) compared to SC. EX + SC reduced circulating CK18 (P = 0.05; ES = 3.05) and improved QoL (P = 0.02) compared to SC. Although EX + SC had no statistical effect on arterial stiffness compared to SC, we observed a modest effect size for AIx@75 tAUC (P = 0.36; ES = 0.52). EX + SC had a significantly shorter length of hospital stay (P = 0.05; ES = 1.38) than SC, and a shorter length of hospital stay was associated with decreased sugar intake (r = 0.55, P = 0.04). Decreased AIx@75 tAUC significantly correlated with improved whole-body insulin sensitivity (r = −0.59, P = 0.03) and glucose tAUC (r = 0.57, P = 0.04).

Conclusion: EX with SC for 30 days prior to bariatric surgery may be important for cardiometabolic health, quality of life, and surgical outcomes in the bariatric patient.
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INTRODUCTION

Morbid obesity rates continue to rise in the United States (Sturm and Hattori, 2013) due to, in part, excess caloric intake and physical inactivity (Hills et al., 2007). The risk of cardiometabolic disease mortality increases 7% for every two additional years lived with obesity (Reis et al., 2013). Obesity is also related to decreased overall quality of life (QoL) (Faulconbridge et al., 2013; Ul-Haq et al., 2013). This is problematic because reduced QoL propagates a state of over-eating and decreased physical activity that exacerbates obesity related comorbidities (Rosemann et al., 2008; Faulconbridge et al., 2013). Roux-en-Y Gastric Bypass (RYGB) and Sleeve Gastrectomy (SG) are the two most common forms of bariatric surgery in the United States and they elicit an approximate 50% reduction in excess body weight and significantly improve cardiometabolic health and QoL (Schauer et al., 2012; Li et al., 2014). Despite these benefits, the number of intra- and post-operative complications, length of operating time, as well as length of hospital stay varies among patients (Fernandez et al., 2004; Steinbrook, 2004). Pre-operative cardiometabolic disease risk factors (e.g., fasting glucose, blood pressure, and lipids) (Purnell et al., 2014), liver health (Colles et al., 2006; Edholm et al., 2011), and high sensitivity C-reactive protein (hs-CRP) have been linked to length of hospital stay and surgical complications in bariatric patients (Purnell et al., 2014; Goh et al., 2018). Further, a peak cardiorespiratory fitness (VO2peak) < 15.8 mL/kg/min is associated with longer operating time, greater estimated blood loss during surgery, and more frequent surgical complications (McCullough et al., 2006). Thus, improving cardiometabolic health prior to bariatric surgery may be a reasonable target of interventions to enhance surgical outcomes.

Current standard medical practice prior to bariatric surgery emphasizes a low-calorie diet (LCD) to reduce liver size and body weight for improved surgical outcomes (Nguyen et al., 2005; Van Nieuwenhove et al., 2011). A plethora of evidence indicates the importance of physical activity for overall cardiometabolic health and well-being (Penedo and Dahn, 2005; Shiroma Eric and Lee, 2010). However, standard medical care does not currently include a physical activity or exercise component for the bariatric patient. Furthermore, <10% of bariatric patients meet current physical activity recommendations (Bond et al., 2010), albeit approximately 40% of bariatric patients feel more ready to exercise 2 weeks prior to surgery (Bond et al., 2010). Interestingly, we recently showed that adding aerobic exercise to standard care (EX + SC) prior to bariatric surgery reduced length of hospital stay compared to standard care (SC) alone, and reduced length of hospital stay correlated with increased VO2peak (Gilbertson et al., 2020). This suggests that increasing cardiorespiratory fitness prior to bariatric surgery by adding aerobic exercise to a LCD can improve surgical outcomes. Combining aerobic exercise with a LCD has also been shown to lower arterial stiffness and traditional cardiometabolic disease risk factors (e.g., blood pressure, fasting glucose, and lipids) more than either intervention alone in some (Azadbakht et al., 2005; Anderssen et al., 2007; Blumenthal et al., 2010) but not all studies (Yassine et al., 2009; Weiss, 2016). To date, no study has evaluated the effect of adding a pre-operative EX intervention to SC compared to SC alone on cardiometabolic health in relation to surgical outcomes. Therefore, the purpose of the present study was to evaluate the effect of pre-operative SC versus EX + SC on cardiometabolic health and QoL in relation to surgical outcomes in patients receiving bariatric surgery. We tested the hypothesis that EX + SC would have greater improvements in pre-operative cardiometabolic health and QoL compared to SC alone and this would relate to improved surgical outcomes as well as physical activity and dietary intake in patients receiving bariatric surgery.



MATERIALS AND METHODS


Participants

Patients approved for bariatric surgery at the University of Virginia were recruited between 2015 and 2018. Participants with obesity (BMI of 30–70 kg/m2) were included for participation in the study if they were 18–70 years old, undergoing their first RYGB or SG procedure, not pregnant or lactating, or not taking medications known to alter body weight. Participants were excluded if they were physically active (>60 min/wk of exercise), diagnosed with insulin dependent diabetes, had a history of cardiovascular disease, or diagnosed with cancer in the past 5 years. Physicals and physician clearance for participation in the study was completed by one investigator (P.T.H.). All outcomes were assessed pre-intervention and post-intervention (i.e., ∼2 days prior to surgery). After pre-intervention testing participants were match paired to 30 days of pre-operative EX + SC or SC based on body mass index (BMI), sex, race, and surgery type (RYGB or SG). One investigator (P.T.H.) completed all RYGB or SG surgical procedures and was blinded to the patient’s treatment group. Length of hospital stay was defined as the time of hospital admission to discharge, and surgical residents were responsible for hospital discharge and had no knowledge of the patient’s participation in the present study. Operating time was defined as time of incision to close. These data, along with demographic characteristics were previously published (Gilbertson et al., 2020) but are included herein for ease of the reader. All participants provided written and verbal informed consent as approved by our Institutional Review Board.



Body Composition and Cardiorespiratory Fitness

Body weight was measured to the nearest 0.01 kg on a digital scale and height was measured with a stadiometer to assess BMI. Fat mass and fat free mass (FFM) were measured using air displacement plethysmography (Bod Pod, Concord, CA, United States). Waist circumference was measured 2 cm above the umbilicus using a flexible tape measure. VO2peak was determined using a treadmill exercise test with indirect calorimetry (Carefusion, Vmax CART, Yorba Linda, CA, United States). Participants self-selected a speed and grade was increased 2.5% every 2 min until volitional exhaustion. The highest heart rate value achieved during the VO2peak test was recorded as heart rate peak (HRpeak) and used for the exercise prescription of EX + SC.



Cardiometabolic Risk Factors

Metabolic control was implemented for 48 h prior to testing and included avoidance of alcohol, caffeine, dietary supplements, medication, and non-exercise physical activity for 24 h prior to testing. The last exercise bout was performed approximately 24 h before post-intervention testing. Participants were admitted to the Clinical Research Unit at approximately 8:00 a.m. following an overnight fast. Participants laid supine undisturbed for about 5 min to determine resting heart rate and blood pressure (BP) with Dinamap (CARESCAPE V100 monitor, GE Healthcare), which was averaged over three measurements for data analysis. Mean arterial pressure (MAP) = [((2∗diastolic) + systolic)/3] was calculated. An intravenous catheter was then placed in an antecubital vein. Fasting blood was collected to measure glucose, insulin, triglycerides (TG), high-density lipoproteins (HDL), low-density lipoproteins (LDL), total cholesterol, high sensitivity CRP (hs-CRP), and cytokeratin 18 (CK18), a marker of hepatocyte apoptosis and liver health. A mixed meal tolerance test (MMTT) was then administered in which participants consumed 4 fl. oz. of an Ensure Plus (Abbott Park, Illinois) shake (CHO 25 g, fat 5.5 g, and protein 6.5 g), and circulating glucose and insulin was also determined every 30 min up to 120 min after consumption of the mixed meal. The Matsuda Index was used to estimate whole-body insulin sensitivity (Matsuda and DeFronzo, 1999). Indirect calorimetry (Carefusion, Vmax CART, Yorba Linda, CA, United States) with a ventilated hood was utilized to assess respiratory exchange ratio (RER) at 0, 60, and 120 min of the MMTT. Metabolic flexibility was determined by subtracting fasting RER from the average of post-prandial RER as previously reported (Gilbertson et al., 2018).



Pulse Wave Analysis

Fasting and postprandial pulse pressure (PP), augmentation pressure (AP), and augmentation index corrected to a heart rate of 75 bpm using the manufacturer’s software (AIx@75) was measured by applanation tonometry using the SphygmoCor® system (AtCor Medical, Itasca, IL, United States) at 0, 60, and 120 min of the MMTT. Pulse wave analysis measures were recorded at each time point in a temperature-controlled room while patients rested quietly in the supine position. AIx@75 total area under the curve (tAUC) was determined using the trapezoid method (Allison et al., 1995).



Quality of Life

The Laval questionnaire was used to assess weight related QoL as it has been validated in participants with morbid obesity and is sensitive to treatment-induced changes (Therrien et al., 2011). The questionnaire includes 44 questions, each expressed on a 7-point Likert scale, assessing 6 domains including symptoms, sexual life, activity/mobility, personal hygiene/clothing, emotions, and social interactions. Total score was calculated by adding all six domains together and dividing by the total possible points (Baillot et al., 2013; Accardi et al., 2017). Scores were transformed into a percentage, and a higher score is indicative of higher QoL.



Non-exercise and Total Physical Activity

Accelerometers (Actigraph GT3X+, Pensacola, FL, United States) were used to assess non-exercise physical activity for 1 week prior to the mixed meal tolerance test (MMTT) at pre- and post-intervention testing. The average wear time per day and the total number of days the device was worn at each time point is reported. Freedson VM3 (’11) is an energy expenditure algorithm that was used to determine the frequency of sedentary bouts per day as well as percent of wear time spent sedentary, in light physical activity, or in moderate to vigorous physical activity (MVPA) per day (Sasaki et al., 2011). Individuals in EX + SC were told to remove the accelerometer during their EX bout(s) which is outlined below. Total physical activity was determined by adding exercise time recorded by the A300 Polar fitness and activity trackers to accelerometer wear time.



Standard Medical Care (SC)

Participants met with registered dieticians, attended an education session with a registered nurse, and cleared for bariatric surgery by a psychologist and the surgical team prior to study enrollment. Patients attended a pre-operative visit approximately 40 days prior to bariatric surgery. For 2 weeks prior to surgery, patients were instructed by registered dieticians to consume a meal replacement shake for breakfast and lunch, snacks of raw vegetables, a dinner composed of 4 oz. of lean protein and steamed vegetables, and sugar-free beverages.



Exercise (EX)

Participants in EX + SC also completed at home walking for 30 min/day, 5 days/week, 65–85% HRpeak for 30 days. Exercise adherence was monitored by the research team using an exercise diary and an A300 Polar fitness and activity tracker (Kempele, Finland). The Polar fitness monitor tracked the duration, heart rate, and calories expended per exercise session. The research team also conducted weekly check-ins by texting, emails, and/or phone calls with study participants to promote adherence.



Dietary Analysis

Three-day food logs, including two weekdays and one weekend day, were used to assess ad libitum food intake. Participants were provided with reference guides that displayed serving sizes of beverages and food commonly consumed. They were also given detailed instructions for recording food and beverages consumed over the intervention. Intake was analyzed with the Food Processor Nutrition Analysis Software (ESHA Research, Version 11.1, Salem, OR, United States).



Biochemical Analysis

Aprotinin was added to the EDTA vacutainer tube prior to blood collection for insulin. Blood was collected in EDTA and SST vacutainer tubes as well as lithium heparin microtainer bullet tubes and immediately placed on ice. Lithium heparin microtainer bullet tubes were then immediately centrifuged at 13,300 rpm for 60 s, and the YSI 2300 StatPlus Glucose Analyzer system (Yellow Springs, OH, United States) was used to determine plasma glucose. SST tubes rested for 30 min prior to processing. All EDTA and SST vacutainers were centrifuged for 10 min at 4°C and 3,000 rpm, and samples was aliquoted to cryotubes and stored at −80°C until later analysis. Samples were batch analyzed in duplicate to minimize inter-assay variability. The University of Virginia’s Health System Medical Laboratories determined HDL and total cholesterol as well as TG by colorimetric assays from serum collected in SST tubes. LDL cholesterol was calculated from the Friedewald equation (Friedewald et al., 1972). Plasma collected in EDTA tubes was used for the determination of insulin (Alpco, Salem, NH, United States), hs-CRP (Millipore, Billerica, MA, United States), and CK18 (M30 apoptosense ELISA, Diapharma Group, West Chester, OH, United States) by using enzyme-linked immunosorbent assays, and the intra-assay and inter-assay coefficient of variation was <7.9 and <9.9%, respectively, for these analytes.



Statistical Analysis

It was determined that 5 obese adults would be needed to show the effect of short-term EX on AIx@75 (delta of 782, SD of 397 with 80% power and alpha of 0.05) (Eichner et al., 2019) and insulin sensitivity (delta of 0.5, SD of 0.9 with 80% power and alpha of 0.05) (Kelly et al., 2012). Data were analyzed using SPSS Version 26 (IBM Analytics, Armonk, NY, United States). Normality was assessed using Shapiro–Wilk tests. Baseline differences and surgical outcomes were analyzed using independent samples t-tests. A non-parametric Wilcoxon Signed Rank test was performed to determine differences from pre- to post-intervention in weight related QoL, and Mann–Whitney U Test evaluated differences between groups in the score change from pre- to post-intervention. All other outcomes were analyzed using a 2 × 2 repeated measure analysis of variance (ANOVA). Cohen’s d effect sizes (ES) were also calculated on the interaction of treatments for physiological outcomes, and relevance was interpreted as small (d = 0.2), medium (d = 0.5), or large (d = 0.8). Pearson’s correlation was used to assess associations. Body composition, VO2peak, whole-body insulin sensitivity, and metabolic flexibility was previously reported (Gilbertson et al., 2020), but these data are used herein to determine associations between metabolic health and cardiovascular disease risk factors, dietary intake, as well as physical activity. Significance was set at P ≤ 0.05. Data are presented as mean ± SEM.



RESULTS


Patient Characteristics

There was no difference between SC (n = 7) and EX + SC (n = 7) in age (SC 39.0 ± 5.3 vs. EX + SC 45.6 ± 4.8 years), sex (SC, n = 6 females vs. EX + SC, n = 7 females), race/ethnicity (SC, n = 5 Caucasians, 2 African Americans vs. EX + SC, n = 5 Caucasians, n = 1 African American, n = 1 Pacific Islander), or type of surgical procedure (SC, n = 3 RYGB, n = 4 SG vs. EX + SC, n = 3 RYGB, n = 4 SG) (all, P > 0.37). Although body weight (SC −0.6 ± 1.6 vs. EX + SC −0.5 ± 0.7 kg) and waist circumference (SC −1.1 ± 0.6 vs. EX + SC −0.8 ± 1.4 cm) was unchanged with SC and EX + SC, FFM decreased with both interventions (P = 0.05) and SC (−1.5 ± 0.5kg) had a greater decrease in FFM than EX + SC (−0.6 ± 0.8kg) (P = 0.39; ES = 0.48). There was a medium effect size (P = 0.36; ES = 0.52) for an increase in fat mass with SC (0.9 ± 1.0kg) compared to a slight reduction with EX + SC (−0.3 ± 0.8kg). EX + SC had a large effect size for increased VO2peak relative to body weight (mL/kg/min) (P = 0.24; ES = 0.91; SC −1.2 ± 0.9 vs. EX + SC 0.5 ± 1.0 mL/kg/min) compared to SC, albeit not statistically significant.



Dietary Intake

Both interventions decreased fat (g; P = 0.003), saturated fat (g; P = 0.02), trans fat (g; P = 0.05), cholesterol (mg; P = 0.009), and fiber (g; P = 0.003) over the study (Table 1). EX + SC had a greater effect for decreased intake of total calories (Table 1; P = 0.14; ES = 0.86) compared to SC. EX + SC also had a greater effect for decreased intake of CHO (g; P = 0.07; ES = 1.06), sugar (g; P = 0.19; ES = 0.75), and unsaturated fat (g; P = 0.008; ES = 1.71) compared to increased intake with SC (Table 1).


TABLE 1. Effect of standard care (SC) and aerobic exercise combined with standard care (EX + SC) on dietary intake.
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Exercise and Non-exercise Physical Activity

EX + SC participants completed 18.4 ± 3.0 exercise sessions for 37.3 ± 2.6 min/session at moderate to vigorous intensity (75.7 ± 0.02% HRpeak) which equated to 248.8 ± 24.0 kcal/session. There was no difference in days of accelerometer wear between SC and EX + SC at baseline (SC 6.2 ± 0.6 vs. EX + SC 6.3 ± 0.2 days; P = 0.53) nor was there a difference between groups after treatment (SC 5.0 ± 0.3 vs. EX + SC 5.8 ± 0.5 days; P = 0.32; ES = 0.61). Both treatments had the same frequency of sedentary bouts per day at baseline (SC 9.4 ± 1.4 vs. EX + SC 15.6 ± 2.4 bouts; P = 0.24) and after treatment (SC 5.2 ± 0.5 vs. EX + SC 13.4 ± 3.6 bouts; P = 0.72; ES = 0.34). Non-exercise sedentary time appeared to increase with EX + SC from baseline (SC 30.1 ± 5.2 vs. EX + SC 38.5 ± 2.3%) to post-intervention (SC 29.0 ± 5.5 vs. EX + SC 41.5 ± 5.8%; P = 0.09). This observation remained for percent of total time spent sedentary (including exercise within the day) from baseline (SC 30.1 ± 5.2 vs. EX + SC 38.5 ± 2.3%) to post-intervention (SC 29.0 ± 5.5 vs. EX + SC 39.0 ± 5.2%; P = 0.08). SC and EX + SC had no changes in percent of non-exercise time spent in light physical activity or MVPA (data not shown). However, EX + SC (baseline 6.9 ± 0.8 vs. post-intervention 11.2 ± 1.1%) spent significantly more of their total time in MVPA compared to SC (baseline 4.4 ± 0.8 vs. post-intervention 3.9 ± 0.9%) during the study (P = 0.004; ES = 3.01).



Blood Pressure and Pulse Wave Analysis

Systolic BP was not affected during the study, however, SC had a medium effect size for decreased diastolic BP (P = 0.26; ES = 0.63) and MAP (P = 0.33; ES = 0.52) compared to EX + SC (Table 2). While EX + SC had no statistical effect on arterial stiffness versus SC, exercise did appear to have modest effect sizes for decreasing 60 min (P = 0.52; ES = 0.33) and 120 min (P = 0.32; ES = 0.58) AIx@75 as well as AIx@75 tAUC (P = 0.36; ES = 0.52) compared to SC (Figure 1). Both treatments similarly reduced fasting PP (P = 0.05), yet SC had a greater effect than EX + SC on fasted PP (P = 0.36; ES = 0.51) as well as fasted (P = 0.60; ES = 0.1.05), 60 min (P = 0.74; ES = 0.46), and 120 min (P = 0.70; ES = 0.23) AP (Table 2).
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FIGURE 1. The effect of standard care (SC) and aerobic exercise combined with standard care (EX + SC) on mixed meal tolerance test augmentation index normalized to a heart rate of 75 beats per minute (AIx@75) curves (A) and total area under the curve (tAUC) (B). Data are means ± SEM. There were no statistically significant differences, however, EX + SC had a modest effect size (ES) for decreased fasted (ES = 0.20), 60 min (ES = 0.33), 120 min (ES = 0.58), and tAUC (ES = 0.52) AIx@75 compared to SC.



TABLE 2. Effect of standard care (SC) and aerobic exercise combined with standard care (EX + SC) on cardiometabolic health.
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Blood Substrates and Inflammation

SC and EX + SC had no effect on altering TG, HDL, total cholesterol, LDL, or fasting glucose, although SC had medium effect sizes on fasting insulin (P = 0.26; ES = 0.63) compared to EX + SC (Table 2). EX + SC had a medium effect size for decreased hs-CRP (P = 0.31; ES = 0.69) compared to SC, and EX + SC decreased CK18 compared to an increase with SC (P = 0.05; ES = 3.05) (Table 2).



Insulin Sensitivity and Metabolic Flexibility

EX + SC had a small effect size for increased whole-body insulin sensitivity compared with SC (EX + SC 2.2 ± 1.8 vs. SC 1.36 ± 0.92, P = 0.20, ES = 0.33). EX + SC increased metabolic flexibility compared to a lowered effect with SC (EX + SC 0.01 ± 0.01 vs. SC −0.06 ± 0.02, P = 0.01, ES = 1.55).



Quality of Life

EX + SC significantly improved domains of QoL including symptoms (P = 0.03), emotions (P = 0.03), and social interaction (P = 0.05) as well as total score (P = 0.03) (Table 3). EX + SC also improved activity/mobility (P = 0.02) as well as total score compared to SC (P = 0.02) (Table 3).


TABLE 3. Effect of standard care (SC) and aerobic exercise combined with standard care (EX + SC) on weight related quality of life.
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Surgical Outcomes

EX + SC had a shorter length of hospital stay compared to SC (41.32 ± 4.4 vs. 56.7 ± 5.7 h; P = 0.05, ES = 1.38). There was no difference between treatments in length of surgery (SC 2.1 ± 0.3 vs. EX + SC 2.1 ± 0.3 h; P = 0.96, ES = 0.03).



Correlations

A decrease in AIx@75 tAUC correlated with increased whole-body insulin sensitivity (r = −0.59, P = 0.03) and metabolic flexibility (r = −0.60, P = 0.03) as well as reduced glucose tAUC (r = 0.57, P = 0.04). The decrease in AIx@75 tAUC (r = 0.65, P = 0.02) and increase in whole-body insulin sensitivity (r = −0.66, P = 0.01) was associated with a reduction in TG. The decrease in caloric intake was associated with an increase in metabolic flexibility (r = −0.60, P = 0.03) and increased percent of total time in MVPA (r = −0.68, P = 0.02). The decrease in sugar intake after treatment was correlated with increased whole-body insulin sensitivity (Figure 2; r = −0.63, P = 0.02) and metabolic flexibility (Figure 2; r = −0.64, P = 0.01) as well as a shorter length of hospital stay (Figure 2; r = 0.55, P = 0.04). The increase in number of sedentary bouts was linked to increased fasting glucose (r = 0.68, P = 0.02).
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FIGURE 2. The decrease in sugar intake was associated with a decrease in glucose tolerance (A), increase in whole-body insulin sensitivity (B), and increase metabolic flexibility (C) pre- to post-intervention as well as a shorter length of hospital stay (D). Change, Δ; Open circles, standard care (SC); closed circles, aerobic exercise combined with standard care (EX + SC).




DISCUSSION

The main findings highlight that pre-operative EX + SC had no statistically significant effect on lowering fasting and post-prandial arterial stiffness, although there were medium effect sizes. Moreover, reductions in AIx@75 tAUC were significantly correlated with improved whole-body insulin sensitivity, metabolic flexibility, glucose tolerance as well as triglycerides. Together, this suggests the reductions in AIx@75 tAUC after EX + SC are of potential physiologic relevance. Prior work showed that 7 weeks of aerobic exercise combined with a LCD elicited a significantly greater reduction in fasting arterial stiffness when measured using pulse wave velocity than a LCD alone in morbidly obese adults (Nordstrand et al., 2013). Our findings somewhat support this prior work as EX + SC had a medium effect size for lowering arterial stiffness as measured by AIx@75 in the post-prandial state compared to SC (Figure 1). This finding may be clinically meaningful as, a 10% decrease in AIx@75 is associated with a relative risk reduction of 1.38 for all-cause mortality (Vlachopoulos et al., 2010). We did not design this study to understand how EX + SC decreased arterial stiffness, but we speculate it could be either due to insulin-mediated vasorelaxation (Greenfield et al., 2007) or decreased vasoconstriction (Muniyappa et al., 2007). Interestingly, our findings suggest that whole-body insulin sensitivity was related to decreased post-prandial AIx@75. This aligns with our findings that dietary sugar intake after treatment was related to improved glucose tolerance and whole-body insulin sensitivity. Given that dietary sugar consumption is known to induce oxidative stress and impair vasculature function, it would be reasonable to expect that lowering dietary sugar would contribute to favorable cardiometabolic health after treatment (Randle et al., 1963; Kelley and Mandarino, 2000). This also provides insight as to why SC may not have improved post-prandial arterial stiffness, given that SC increased dietary sugar intake over the study. Interestingly, we observed that lower dietary sugar intake post-treatment was associated with decreased length of hospital stay (Figure 2), and EX + SC had a significantly shorter length of hospital stay than SC. This suggests a complex interaction of arterial stiffness and whole-body insulin sensitivity as well as dietary sugar intake with surgical outcomes.

Inflammation at the time of bariatric surgery is a predictor of surgical stress (Fernandez et al., 2004; Steinbrook, 2004; Malin et al., 2017). hs-CRP is a non-specific marker of low-grade systemic inflammation that is a predictor for cardiovascular disease risk (Choi et al., 2013). Targeting hs-CRP with pre-operative EX + SC is clinically meaningful as hs-CRP drastically increases in response to surgical stress and takes >7 days post-operatively to return to baseline (Warschkow et al., 2012). hs-CRP decreased 3.5% following EX + SC compared with a 17.6% increase with SC. Although not statistically significant, the medium effect size is not surprising as others have reported that aerobic exercise training alone (Donges et al., 2010) or combined with dietary interventions (Wegge et al., 2004; Jae et al., 2006) reduce hs-CRP in obese adults. The reason SC elicited a 17.6% increase in hs-CRP is outside the scope of the present trial. However, SC had an increase in absolute sugar intake over the study, and prior work has showed that a higher glycemic load diet induces increased IL-6 secretion from adipocytes which promotes increased CRP synthesis in the liver (Wellen and Hotamisligil, 2005; Huffman et al., 2007). In contrast, CK18 had a robust lowering effect to our EX + SC treatment. CK18 is a biomarker of hepatocyte apoptosis that predicts and correlates to the development of hepatic inflammation, fibrosis, as well as non-alcoholic steatohepatitis (Maher et al., 2015). EX + SC decreased CK18 by 23.6% compared to an 11.6% increase with SC. It is established that diet (Colles et al., 2006; Edholm et al., 2011) and exercise (Fealy et al., 2012; Wu et al., 2017) improve liver function, but limited work has evaluated the effect of exercise and/or diet on CK18. Our findings are consistent with prior work showing that 7 days of treadmill walking at ∼85% of HRmax caused a significant decrease in CK18 in obese adults with non-alcoholic fatty liver disease independent of weight loss (Fealy et al., 2012). Lower CK18 may improve with EX + SC through decreased oxidative stress, hepatic triglyceride stores, or Mallory bodies (Schweizer et al., 2006; Maher et al., 2015). Why SC in contrast had increased plasma CK18 is unclear given the metabolic control prior to testing. But the findings are consistent with lack of physical activity promoting inflammation. Together, while there are several other inflammatory markers (i.e., MCP-1, TNF-α, etc.) that should be considered, this improved liver inflammation observed in the present study prior to bariatric surgery may be important for hepatic function and surgical outcomes (Goh et al., 2018).

A low QoL prior to surgery is associated with worse physiological surgical outcomes and post-operative QoL (Levett and Grimmett, 2019). It is established that dietary restriction and/or exercise interventions are effective at improving QoL (Carson et al., 2014; Kolotkin and Andersen, 2017), yet few have evaluated the effect of pre-operative lifestyle interventions on QoL in bariatric patients. Baillot et al. (2013) recently showed that 12 weeks of pre-surgical aerobic and resistance training prior to bariatric surgery improved QoL domains including emotions, social interactions, sexual life, and overall QoL as determined by the Laval questionnaire. However, this prior work (Baillot et al., 2013) did not evaluate the effect of improvements in QoL as it relates to cardiometabolic health at the time of surgery or surgical outcomes presented herein. Interestingly, we found no relationship between changes in pre-operative QoL and surgical outcomes in the present study. It is possible we observed no relationship because of the length of our intervention or our sample of bariatric patients having a higher baseline QoL than most patients receiving bariatric surgery (Therrien et al., 2011; Biron et al., 2018). Nevertheless, a major finding of the present study is that EX + SC improved the activity/mobility domain of weight-related QoL compared to SC, thus indicating that EX + SC participants increased their perception of being more physically active/mobile. When using accelerometry, however, individuals undergoing EX + SC increased their sedentary behavior by 3% while there was no change with SC. These findings align with prior work suggesting that individuals initiating an exercise intervention compensate for the increased exercise energy expenditure by becoming more sedentary (Melanson, 2017). This suggests that the increased perception of activity/mobility QoL may be more related to exercise and/or aerobic fitness rather than non-exercise activity. Regardless, this change in non-exercise behavior could be important for understanding cardiometabolic benefit prior to surgery. Specifically, we observed increased sedentary behavior was directly associated with higher fasting glucose concentrations. Additionally, exercise energy expenditure induced weight loss may have been negated by shifts toward more sedentary behavior. In fact, a 3% increase in sedentary time can equal up to 43 min per day, which is similar to the average duration of EX + SC exercise sessions (∼37 min/session). In addition, while we did not see weight loss differences between groups, we observed that increased time spent in MVPA was associated with decreased caloric intake. Herein, individuals undergoing EX + SC complied better to the pre-operative LCD by decreasing energy intake by 747 kcal compared to the 95 kcal decrease seen with SC. This is an interesting finding since we did not control for dietary intake aside from providing the pre-operative standard medical care dietary recommendations. We cannot exclude the possibility that the increased MVPA observed in this study with EX + SC promoted favorable changes in appetite regulation that contributed to lower food intake while on a LCD, however, the changes in exercise/diet behavior with EX + SC may have also occurred due to prompting (Michie et al., 2013). Indeed, electronic reminders with interventions have been reported to result in greater adherence and compliance (Fenerty et al., 2012; Vervloet et al., 2012). Thus, we may have promoted greater adherence to the pre-operative diet by remaining in contact with EX + SC participants about exercise compliance, albeit self-reported food intake presents challenges including misreporting of dietary intake and/or alterations in food choices due to heightened awareness of food consumption (Hedrick et al., 2012; Myhre et al., 2018). These data suggest that adding aerobic exercise to SC provides positive impact on QoL prior to bariatric surgery for individuals.

A somewhat surprising observation was that neither treatment had statistically significant improvements or medium to large effect sizes in blood pressure, triglycerides, cholesterol, fasting glucose, or waist circumference in the present study. This could be explained by several reasons. First, this may relate to the fact that clinical values were fairly normal to borderline of clinical cut-points for hyperglycemia, dyslipidemia, and/or hypertension. As a result, it would be fair to anticipate that EX + SC or SC would have little effect. Second, the lack of change with EX + SC could be due to our exercise prescription. Participants in the EX + SC completed ∼4.3 moderate intensity exercise sessions per week and expended 1,064 kcal/week. This is comparable to the STRRIDE trial, whereby it was reported the low amount/moderate intensity group (i.e., 1,220 kcal/week) had no change in similar cardiometabolic risk factors. Yet, high amount/vigorous intensity exercise (i.e., 2,014 kcal/week) lowered blood pressure and raised HDL in overweight and obese adults (Slentz et al., 2004; Johnson et al., 2007; Slentz et al., 2007), suggesting that exercise intensity or higher energy expenditure may relate to greater improvements in some cardiometabolic risk factors. Lastly, EX + SC or SC had minimal impact on weight loss/body fat reductions in the current study. Perhaps longer lifestyle treatments are required to see greater change in body composition that drive change in these cardiometabolic risk factors. Additional well-controlled studies in patients with clinical cases of cardiovascular disease are needed to determine relevance to surgery outcomes and to identify optimal exercise “doses” to maximize health and well-being prior to and after bariatric surgery.

The present study has limitations that require acknowledgment. This study had a small sample size (n = 14), and therefore findings may not be generalizable to the bariatric population as a whole. For instance, race/ethnicity (Wee et al., 2016), sex (Duval et al., 2006; Wee et al., 2016), socioeconomic status (Kim and Park, 2015), education (Kim and Park, 2015), and age (Netuveli et al., 2006) are all known determinants of QoL. Further, due to our small sample size we are not able to determine the effect of SC versus EX + SC on cardiometabolic health, QoL, or surgical outcomes based on surgery type (i.e., RYGB and SG) or sex. Associations do not equal causation, therefore trials with larger sample sizes are needed to better understand the contribution of physiological, psychological, and/or behavioral factors on cardiometabolic and surgical outcomes in bariatric patients undergoing pre-operative lifestyle interventions. We did not have an EX only group, so we cannot be certain of the independent effects of EX without SC on cardiometabolic risk factors or QoL. Although pulse wave velocity is the gold standard for determining arterial stiffness (Cecelja and Chowienczyk, 2012), we were unable to capture this measure in our patients due to the adiposity around the neck region. AIx@75 is highly correlated to pulse wave velocity (Cecelja and Chowienczyk, 2012) and a reasonable surrogate measure of arterial stiffness in this population.

In conclusion, EX + SC had favorable cardiometabolic health effects as well as improved weight related QoL compared to SC in patients with obesity prior to bariatric surgery. Exercise had a greater effect for increased adherence to pre-operative dietary recommendations, and the decrease in sugar intake pre-operatively was associated with a shorter length of hospital stay. Collectively, these findings suggest that pre-operative EX + SC may be important for cardiometabolic health, quality of life, and surgical outcomes in the bariatric patient.



DATA AVAILABILITY STATEMENT

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



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by University of Virginia’s Institutional Review Board. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

SM conceptualized the research. NG, NE, and ER were responsible for subject recruitment and retention. NG, NE, MK, and PH were primarily responsible for data collection and management. NG, SK, AW, PH, and SM analyzed and interpreted the data. NG and SM were primarily responsible for writing the manuscript. NG, NE, MK, ER, SK, AW, PH, and SM reviewed and edited the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was funded by the Diabetes Action Research and Education Foundation (SM), UVA Thelma R. Swortzel Award (SM), and ACSM Doctoral Student Research Award (NG). SM is the guarantor of this work and was supported by National Institutes of Health RO1-HL130296.



ACKNOWLEDGMENTS

Thank you to our participants for their extraordinary efforts throughout this study. We would like to acknowledge the doctors, nurses, and staff who contributed to this project in the University of Virginia’s clinical research unit, exercise physiology core laboratory, and bariatric clinic. We would also like to acknowledge the research assistants in the Applied Metabolism and Physiology Laboratory who helped with data collection.



REFERENCES

Accardi, R., Ronchi, S., Racaniello, E., Terzoni, S., and Destrebecq, A. (2017). Italian version of the laval questionnaire: validity and reliability. Bariatr. Surg. Pract. Patient Care. Jul. 26, 136–141. doi: 10.1089/bari.2017.0017

Allison, D. B., Paultre, F., Maggio, C., Mezzitis, N., and Pi-Sunyer, F. X. (1995). The use of areas under curves in diabetes research. Diabetes Care. Feb. 1, 245–250. doi: 10.2337/diacare.18.2.245

Anderssen, S. A., Carroll, S., Urdal, P., and Holme, I. (2007). Combined diet and exercise intervention reverses the metabolic syndrome in middle-aged males: results from the Oslo Diet and Exercise Study. Scand. J. Med. Sci. Sports. 17, 687–695. doi: 10.1111/j.1600-0838.2006.00631.x

Azadbakht, L., Mirmiran, P., Esmaillzadeh, A., Azizi, T., and Azizi, F. (2005). Beneficial effects of a dietary approaches to stop hypertension eating plan on features of the metabolic syndrome. Diabetes Care 28, 2823–2831. doi: 10.2337/diacare.28.12.2823

Baillot, A., Mampuya, W. M., Comeau, E., Meziat-Burdin, A., and Langlois, M. F. (2013). Feasibility and impacts of supervised exercise training in subjects with obesity awaiting bariatric surgery: a pilot study. Obes. Surg. 23, 882–891. doi: 10.1007/s11695-013-0875-5

Biron, S., Biertho, L., Marceau, S., and Lacasse, Y. (2018). Long-term follow-up of disease-specific quality of life after bariatric surgery. Surg. Obes. Relat. Dis. May 14, 658–664. doi: 10.1016/j.soard.2018.02.009

Blumenthal, J. A., Babyak, M. A., Hinderliter, A., Watkins, L. L., Craighead, L., Lin, P. H., et al. (2010). Effects of the DASH diet alone and in combination with exercise and weight loss on blood pressure and cardiovascular biomarkers in men and women with high blood pressure: the ENCORE study. Arch. Intern. Med. 170, 126–135.

Bond, D. S., Jakicic, J. M., Unick, J. L., Vithiananthan, S., Pohl, D., Roye, G. D., et al. (2010). Pre- to postoperative physical activity changes in bariatric surgery patients: self report vs. objective measures. Obes. Silver Spring Md. 18, 2395–2397. doi: 10.1038/oby.2010.88

Carson, T. L., Hidalgo, B., Ard, J. D., and Affuso, O. (2014). Dietary interventions and quality of life: a systematic review of the literature. J. Nutr. Educ. Behav. 46, 90–101.

Cecelja, M., and Chowienczyk, P. (2012). Role of arterial stiffness in cardiovascular disease. JRSM Cardiovasc Dis. 1:cvd.2012.012016.

Choi, J., Joseph, L., and Pilote, L. (2013). Obesity and C-reactive protein in various populations: a systematic review and meta-analysis. Obes. Rev. Off J. Int. Assoc. Study Obes. 14, 232–244. doi: 10.1111/obr.12003

Colles, S. L., Dixon, J. B., Marks, P., Strauss, B. J., and O’Brien, P. E. (2006). Preoperative weight loss with a very-low-energy diet: quantitation of changes in liver and abdominal fat by serial imaging. Am. J. Clin. Nutr. 84, 304–311. doi: 10.1093/ajcn/84.2.304

Donges, C. E., Duffield, R., and Drinkwater, E. J. (2010). Effects of resistance or aerobic exercise training on interleukin-6, C-reactive protein, and body composition. Med. Sci. Sports Exerc. 42, 304–313. doi: 10.1249/mss.0b013e3181b117ca

Duval, K., Marceau, P., Lescelleur, O., Hould, F. S., Marceau, S., Biron, S., et al. (2006). Health-related quality of life in morbid obesity. Obes. Surg. 16, 574–579. doi: 10.1381/096089206776944968

Edholm, D., Kullberg, J., Haenni, A., Karlsson, F. A., Ahlstrom, A., Hedberg, J., et al. (2011). Preoperative 4-week low-calorie diet reduces liver volume and intrahepatic fat, and facilitates laparoscopic gastric bypass in morbidly obese. Obes. Surg. 21, 345–350. doi: 10.1007/s11695-010-0337-2

Eichner, N. Z. M., Gaitan, J. M., Gilbertson, N. M., Khurshid, M., Weltman, A., and Malin, S. K. (2019). Postprandial augmentation index is reduced in adults with prediabetes following continuous and interval exercise training. Exp. Physiol. 104, 264–271.

Faulconbridge, L. F., Wadden, T. A., Thomas, J. G., Jones-Corneille, L. R., Sarwer, D. B., and Fabricatore, A. N. (2013). Changes in depression and quality of life in obese individuals with binge eating disorder: bariatric surgery versus lifestyle modification. Surg. Obes. Relat. Dis. 9, 790–796. doi: 10.1016/j.soard.2012.10.010

Fealy, C. E., Haus, J. M., Solomon, T. P. J., Pagadala, M., Flask, C. A., McCullough, A. J., et al. (2012). Short-term exercise reduces markers of hepatocyte apoptosis in nonalcoholic fatty liver disease. J. Appl. Physiol. Bethesda (1985) 113, 1–6. doi: 10.1152/japplphysiol.00127.2012

Fenerty, S. D., West, C., Davis, S. A., Kaplan, S. G., and Feldman, S. R. (2012). The effect of reminder systems on patients’ adherence to treatment. Patient Prefer. Adherence 6, 127–135.

Fernandez, A. Z. Jr., DeMaria, E. J., Tichansky, D. S., Kellum, J. M., Wolfe, L. G., Meador, J., et al. (2004). Experience with over 3,000 open and laparoscopic bariatric procedures: multivariate analysis of factors related to leak and resultant mortality. Surg. Endosc. 18, 193–197. doi: 10.1007/s00464-003-8926-y

Friedewald, W. T., Levy, R. I., and Fredrickson, D. S. (1972). Estimation of the concentration of low-density lipoprotein cholesterol in plasma, without use of the preparative ultracentrifuge. Clin. Chem. 18, 499–502. doi: 10.1093/clinchem/18.6.499

Gilbertson, N. M., Eichner, N. Z. M., Francois, M., Gaitan, J. M., Heiston, E. M., Weltman, A., et al. (2018). Glucose tolerance is linked to postprandial fuel use independent of exercise dose. Med. Sci. Sports Exerc. 50, 2058–2066. doi: 10.1249/mss.0000000000001667

Gilbertson, N. M., Gaitán, J. M., Osinski, V., Rexrode, E. A., Garmey, J. C., Mehaffey, J. H., et al. (2020). Pre-operative aerobic exercise on metabolic health and surgical outcomes in patients receiving bariatric surgery: a pilot trial. PLOS One [Epub ahead of print].

Goh, G. B.-B., Schauer, P. R., and McCullough, A. J. (2018). Considerations for bariatric surgery in patients with cirrhosis. World. J. Gastroenterol. 28, 3112–3119. doi: 10.3748/wjg.v24.i28.3112

Greenfield, J. R., Samaras, K., Chisholm, D. J., and Campbell, L. V. (2007). Effect of postprandial insulinemia and insulin resistance on measurement of arterial stiffness (augmentation index). Int. J. Cardiol. 114, 50–56. doi: 10.1016/j.ijcard.2005.12.007

Hedrick, V. E., Dietrich, A. M., Estabrooks, P. A., Savla, J., Serrano, E., and Davy, B. M. (2012). Dietary biomarkers: advances, limitations and future directions. Nutr. J. 11:109.

Hills, A. P., King, N. A., and Armstrong, T. P. (2007). The contribution of physical activity and sedentary behaviours to the growth and development of children and adolescents: implications for overweight and obesity. Sports Med. Auckl NZ. 37, 533–545. doi: 10.2165/00007256-200737060-00006

Huffman, K. M., Orenduff, M. C., Samsa, G. P., Houmard, J. A., Kraus, W. E., and Bales, C. W. (2007). Dietary carbohydrate intake and high sensitivity C reactive protein in at-risk women and men. Am. Heart J. 154, 962–968. doi: 10.1016/j.ahj.2007.07.009

Jae, S. Y., Fernhall, B., Heffernan, K. S., Jeong, M., Chun, E. M., Sung, J., et al. (2006). Effects of lifestyle modifications on C-reactive protein: contribution of weight loss and improved aerobic capacity. Metabolism. 55, 825–831. doi: 10.1016/j.metabol.2006.02.010

Johnson, J. L., Slentz, C. A., Houmard, J. A., Samsa, G. P., Duscha, B. D., Aiken, L. B., et al. (2007). Exercise training amount and intensity effects on metabolic syndrome (from Studies of a Targeted Risk Reduction Intervention through Defined Exercise). Am. J. Cardiol. 100, 1759–1766. doi: 10.1016/j.amjcard.2007.07.027

Kelley, D. E., and Mandarino, L. J. (2000). Fuel selection in human skeletal muscle in insulin resistance: a reexamination. Diabetes 49, 677–683. doi: 10.2337/diabetes.49.5.677

Kelly, K. R., Blaszczak, A., Haus, J. M., Patrick-Melin, A., Fealy, C. E., Solomon, T. P., et al. (2012). A 7-d exercise program increases high-molecular weight adiponectin in obese adults. Med. Sci. Sports Exerc. 44, 69–74. doi: 10.1249/mss.0b013e318228bf85

Kim, J. H., and Park, E. C. (2015). Impact of socioeconomic status and subjective social class on overall and health-related quality of life. BMC Public Health 15:783. doi: 10.1186/s12889-015-2014-9

Kolotkin, R. L., and Andersen, J. R. (2017). A systematic review of reviews: exploring the relationship between obesity, weight loss and health-related quality of life. Clin. Obes. 7, 273–289. doi: 10.1111/cob.12203

Levett, D. Z. H., and Grimmett, C. (2019). Psychological factors, prehabilitation and surgical outcomes: evidence and future directions. Anaesthesia 74, 36–42. doi: 10.1111/anae.14507

Li, J. F., Lai, D. D., Lin, Z. H., Jiang, T. Y., Zhang, A. M., and Dai, J. F. (2014). Comparison of the long-term results of Roux-en-Y gastric bypass and sleeve gastrectomy for morbid obesity: a systematic review and meta-analysis of randomized and nonrandomized trials. Surg. Laparosc Endosc Percutan Tech. 24, 1–11. doi: 10.1097/sle.0000000000000041

Maher, M. M., Ibrahim, W. A., Saleh, S. A., Shash, L., Abou Gabal, H., Tarif, M., et al. (2015). Cytokeratin 18 as a non invasive marker in diagnosis of NASH and its usefulness in correlation with disease severity in Egyptian patients. Egypt. J. Med. Hum. Genet. 1, 41–46. doi: 10.1016/j.ejmhg.2014.11.003

Malin, S. K., Kaplan, J. L., Meng, L., Garmey, J. C., Kirby, J. L., Taylor, A. M., et al. (2017). Age increases MCP-1 level in association with bariatric surgery operating time and metabolic risk severity. Obes. Sci. Pract. 3, 193–200. doi: 10.1002/osp4.105

Matsuda, M., and DeFronzo, R. A. (1999). Insulin sensitivity indices obtained from oral glucose tolerance testing: comparison with the euglycemic insulin clamp. Diabetes Care 22, 1462–1470. doi: 10.2337/diacare.22.9.1462

McCullough, P. A., Gallagher, M. J., Dejong, A. T., Sandberg, K. R., Trivax, J. E., Alexander, D., et al. (2006). Cardiorespiratory fitness and short-term complications after bariatric surgery. Chest 130, 517–525. doi: 10.1378/chest.130.2.517

Melanson, E. L. (2017). The effect of exercise on non-exercise physical activity and sedentary behavior in adults. Obes. Rev. 18(Suppl. 1), 40–49. doi: 10.1111/obr.12507

Michie, S., Richardson, M., Johnston, M., Abraham, C., Francis, J., Hardeman, W., et al. (2013). The behavior change technique taxonomy (v1) of 93 hierarchically clustered techniques: building an international consensus for the reporting of behavior change interventions. Ann. Behav. Med. Publ. Soc. Behav. Med. 46, 81–95. doi: 10.1007/s12160-013-9486-6

Muniyappa, R., Montagnani, M., Koh, K. K., and Quon, M. J. (2007). Cardiovascular actions of insulin. Endocr. Rev. 28, 463–491. doi: 10.1210/er.2007-0006

Myhre, J. B., Johansen, A. M. W., Hjartaker, A., and Andersen, L. F. (2018). Relative validation of a pre-coded food diary in a group of Norwegian adults - Comparison of underreporters and acceptable reporters. PloS One. 13:e0202907. doi: 10.1371/journal.pone.0202907

Netuveli, G., Wiggins, R. D., Hildon, Z., Montgomery, S. M., and Blane, D. (2006). Quality of life at older ages: evidence from the English longitudinal study of aging (wave 1). J. Epidemiol. Comm. Health. 60, 357–363. doi: 10.1136/jech.2005.040071

Nguyen, N. T., Longoria, M., Gelfand, D. V., Sabio, A., and Wilson, S. E. (2005). Staged laparoscopic Roux-en-Y: a novel two-stage bariatric operation as an alternative in the super-obese with massively enlarged liver. Obes Surg. 15, 1077–1081. doi: 10.1381/0960892054621062

Nordstrand, N., Gjevestad, E., Hertel, J. K., Johnson, L. K., Saltvedt, E., Roislien, J., et al. (2013). Arterial stiffness, lifestyle intervention and a low-calorie diet in morbidly obese patients-a nonrandomized clinical trial. Obes. Silver Spring 21, 690–697. doi: 10.1002/oby.20099

Penedo, F. J., and Dahn, J. R. (2005). Exercise and well-being: a review of mental and physical health benefits associated with physical activity. Curr. Opin. Psychiatry Mar. 18, 189–193. doi: 10.1097/00001504-200503000-00013

Purnell, J. Q., Selzer, F., Smith, M. D., Berk, P. D., Courcoulas, A. P., Inabnet, W. B., et al. (2014). Metabolic syndrome prevalence and associations in a bariatric surgery cohort from the Longitudinal Assessment of Bariatric Surgery-2 study. Metab Syndr. Relat. Disord. Mar. 12, 86–94. doi: 10.1089/met.2013.0116

Randle, P. J., Garland, P. B., Hales, C. N., and Newsholme, E. A. (1963). The glucose fatty-acid cycle. Its role in insulin sensitivity and the metabolic disturbances of diabetes mellitus. Lancet Lond. Engl. 1, 785–789. doi: 10.1016/s0140-6736(63)91500-9

Reis, J. P., Loria, C. M., Lewis, C. E., Powell-Wiley, T. M., Wei, G. S., Carr, J. J., et al. (2013). Association between duration of overall and abdominal obesity beginning in young adulthood and coronary artery calcification in middle age. JAMA 310, 280–288.

Rosemann, T., Grol, R., Herman, K., Wensing, M., and Szecsenyi, J. (2008). Association between obesity, quality of life, physical activity and health service utilization in primary care patients with osteoarthritis. Int. J. Behav. Nutr. Phys. Act 5:4. doi: 10.1186/1479-5868-5-4

Sasaki, J. E., John, D., and Freedson, P. S. (2011). Validation and comparison of ActiGraph activity monitors. J. Sci. Med. Sport 14, 411–416. doi: 10.1016/j.jsams.2011.04.003

Schauer, P. R., Kashyap, S. R., Wolski, K., Brethauer, S. A., Kirwan, J. P., Pothier, C. E., et al. (2012). Bariatric surgery versus intensive medical therapy in obese patients with diabetes. N. Engl. J. Med. 366, 1567–1576.

Schweizer, J., Bowden, P. E., Coulombe, P. A., Langbein, L., Lane, E. B., Magin, T. M., et al. (2006). New consensus nomenclature for mammalian keratins. J. Cell Biol. 17, 169–174. doi: 10.1083/jcb.200603161

Shiroma Eric, J., and Lee, I.-M. (2010). Physical activity and cardiovascular health. Circulation 17, 743–752.

Slentz, C. A., Duscha, B. D., Johnson, J. L., Ketchum, K., Aiken, L. B., Samsa, G. P., et al. (2004). Effects of the amount of exercise on body weight, body composition, and measures of central obesity: STRRIDE–a randomized controlled study. Arch. Intern. Med. 164, 31–39.

Slentz, C. A., Houmard, J. A., Johnson, J. L., Bateman, L. A., Tanner, C. J., McCartney, J. S., et al. (2007). Inactivity, exercise training and detraining, and plasma lipoproteins. STRRIDE: a randomized, controlled study of exercise intensity and amount. J. Appl. Physiol. Bethesda (1985) 103, 432–442. doi: 10.1152/japplphysiol.01314.2006

Steinbrook, R. (2004). Surgery for severe obesity. N. Engl. J. Med. 350, 1075–1079.

Sturm, R., and Hattori, A. (2013). Morbid obesity rates continue to rise rapidly in the United States. Int. J. Obes. 37, 889–891. doi: 10.1038/ijo.2012.159

Therrien, F., Marceau, P., Turgeon, N., Biron, S., Richard, D., and Lacasse, Y. (2011). The laval questionnaire: a new instrument to measure quality of life in morbid obesity. Health Qual. Life Outcomes 9:66. doi: 10.1186/1477-7525-9-66

Ul-Haq, Z., Mackay, D. F., Fenwick, E., and Pell, J. P. (2013). Meta-analysis of the association between body mass index and health-related quality of life among adults, assessed by the SF-36. Obes Silver Spring 21, E322–E327.

Van Nieuwenhove, Y., Dambrauskas, Z., Campillo-Soto, A., van Dielen, F., Wiezer, R., Janssen, I., et al. (2011). Preoperative very low-calorie diet and operative outcome after laparoscopic gastric bypass: a randomized multicenter study. Arch. Surg. 146, 1300–1305.

Vervloet, M., Linn, A. J., van Weert, J. C., de Bakker, D. H., Bouvy, M. L., and van Dijk, L. (2012). The effectiveness of interventions using electronic reminders to improve adherence to chronic medication: a systematic review of the literature. J. Am. Med. Inform Assoc. 19, 696–704. doi: 10.1136/amiajnl-2011-000748

Vlachopoulos, C., Aznaouridis, K., O’Rourke, M. F., Safar, M. E., Baou, K., and Stefanadis, C. (2010). Prediction of cardiovascular events and all-cause mortality with central haemodynamics: a systematic review and meta-analysis. Eur. Heart J. 31, 1865–1871. doi: 10.1093/eurheartj/ehq024

Warschkow, R., Tarantino, I., Folie, P., Beutner, U., Schmied, B. M., Bisang, P., et al. (2012). C-reactive protein 2 days after laparoscopic gastric bypass surgery reliably indicates leaks and moderately predicts morbidity. J. Gastrointest. Surg. 16, 1128–1135. doi: 10.1007/s11605-012-1882-x

Wee, C. C., Davis, R. B., Jones, D. B., Apovian, C. A., Chiodi, S., Huskey, K. W., et al. (2016). Sex, race, and the quality of life factors most important to patients’ well-being among those seeking bariatric surgery. Obes Surg. 26, 1308–1316. doi: 10.1007/s11695-015-1956-4

Wegge, J. K., Roberts, C. K., Ngo, T. H., and Barnard, R. J. (2004). Effect of diet and exercise intervention on inflammatory and adhesion molecules in postmenopausal women on hormone replacement therapy and at risk for coronary artery disease. Metabolism. 53, 377–381. doi: 10.1016/j.metabol.2003.10.016

Weiss, E. P. (2016). Effects of matched weight loss from calorie restriction, exercise, or both on cardiovascular disease risk factors: a randomized intervention trial. Am. J. Clin. Nutr. 104, 576–586. doi: 10.3945/ajcn.116.131391

Wellen, K. E., and Hotamisligil, G. S. (2005). Inflammation, stress, and diabetes. J. Clin. Invest. 2, 1111–1119.

Wu, G., Li, H., Fang, Q., Zhang, J., Zhang, M., Zhang, L., et al. (2017). Complementary role of fibroblast growth factor 21 and cytokeratin 18 in monitoring the different stages of nonalcoholic fatty Liver Disease. Sci. Rep. 7:5095.

Yassine, H. N., Marchetti, C. M., Krishnan, R. K., Vrobel, T. R., Gonzalez, F., and Kirwan, J. P. (2009). Effects of exercise and caloric restriction on insulin resistance and cardiometabolic risk factors in older obese adults–a randomized clinical trial. J. Gerontol. Biol. Sci. Med. Sci. 64, 90–95. doi: 10.1093/gerona/gln032

Conflict of Interest: The 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.

Copyright © 2020 Gilbertson, Eichner, Khurshid, Rexrode, Kranz, Weltman, Hallowell and Malin. 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.

OPS/images/fphys-11-01018-t003.jpg
SC EX + SC Mann-Whitney U Test
PRE A PRE A
Symptoms 61.4+7.1 31436 642475 13.7 + 4.211 0.10
Sexual life 582+ 7.4 —2.0+33 57.1+£94 142470 0.07
Activity/mobility 717+ 8.9 —36+24 64.6 +£8.7 10.4 + 4.3 0.02
Hygiene/clothing 712+6.2 14429 743 +£3.2 1.2+ 4.1 0.38
Emotions 50.6 + 5.8 3.0+2.1 499+ 45 13.9 + 5.01f 0.13
Social interactions 68.2+6.7 —12+42 58.9 +6.7 12.0 £ 5.21f 0.07
Total score 629+ 5.4 01+22 602 £5.5 11.9 + 4,011 0.02

Data are means + SEM. Change from pre- to post-intervention (A). Pre- to post-intervention differences were determined by Wilcoxon Signed Rank test: 1 Significant
(P < 0.05). Mann-Whitney U Test was used to compare A differences.
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SC EX + SC ANOVA (P-value) Effect size

PRE A PRE A T GxT Cohen’s d
Calories 1921 £ 273 —95 + 332 1986 + 232 —747 £ 234 0.06 0.14 0.86
Carbohydrates
Grams 182.9 £29.7 19.8 £53.0 228.1 £30.6 —108.5 £ 37.0 0.20 0.07 1.06
% total keal g774+23 6.5+5.7 455 +2.2 —-82+54 0.30 0.38 1.00
Fiber (g) 184 £ 2.0 -234+25 204 £2.7 —11.0+26 0.001 0.34 181
Sugar (g) 1224+ 142 12.0+£225 71.4+6.9 —228+104 0.67 0.19 0.75
Protein
grams 1120+24.7 0.3+17.4 82.0 £10.6 —-13.6+11.8 0.54 0.52 0.35
% total keal 228426 -0.1+27 167 £1.2 117482 0.47 0.22 1.07
Fat
Grams 829+ 10.7 —20.5+10.8 87.7 £9.7 —-382+11.2 0.003 0.28 0.61
% total keal 39.8+22 —7.3+34 40.0 £1.3 —8.0+4.8 0.02 0.91 0.10
Saturated fat (g) | | 26.0+ 3.0 —7.9+3.1 24.8 £ 3.0 —8.3 £ 5.1 0.02 0.95 0.04
Unsaturated fat (g) 253+5.9 0.5+28 29.0 £ 4.6 —175+49 0.01 0.008 1.71
Trans fat (g) 0.80 £ 0.21 —0.4+£02 0.52 +£0.22 —-0.2+£0.2 0.05 0.65 0.26
Cholesterol (mg) 426.0 + 98.1 —130.4 £ 33.3 307.0 £70.2 —135.7 £78.3 0.009 0.95 0.03
Water (g) 2195 + 463 128.3 £ 815.2 1539 + 296 31.2 £ 202.7 0.85 0.91 0.06

Data are means + SEM. Fiber, % carbohydrates of total kcal, and % protein of total kcal were covaried for baseline values due to differences between groups. Change

from pre- to post-intervention (A); grams (g); time (T; pre vs. post-intervention); group x time (G x T; SC vs. EX + SC).
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SC EX + SC ANOVA (P-value) Effect size

PRE A PRE A T GxT Cohen’s d
Blood pressure
HR (bpm) 701+ 4.9 51+24 85.4 +£54 14+21 0.06 0.27 0.62
Systolic BP (mmHg) 121.4 £89 11 +34 131.5 £6.5 28+42 0.49 0.76 017
Diastolic BP (mmHg) 66.0 + 4.7 —22+24 73.4 +4.0 22429 0.99 0.26 0.63
MAP (mmHg)* 84.5+59 —11+£21 92.8 + 4.6 24+29 0.73 0.33 0.52
Pulse wave analysis
Fasted PP 51.6+3.8 —82+22 40.0 £ 2.7 —-3.0+£53 0.05 0.70 0.51
60 min PP* 39.7+£1.8 28+24 38.7 £ 2.6 1.0+4.9 0.68 0.50 0.19
120 min PP 46.6 £ 4.0 —-0.3+1.9 35.6 +1.6 0.6 + 3.1 0.51 0.85 0.14
Fasted AP 20.3+4.7 —53+35 159+1.8 —-1.9+54 0.28 0.60 1.05
60 min AP* 194 +£56 —8.3+6.5 132 +25 —-0.7+6.4 0.17 0.74 0.46
120 min AP 16.7 £ 3.1 —-31+£29 9.8+1.6 -1.6+24 0.24 0.70 0.23
Blood substrates
Fasting glucose (mg/dL)* 100.0+ 24 —42+40 105.8 £ 6.4 —-0.4+65 0.53 0.54 0.26
Fasting insulin (U/mL) 184 +£29 -1.8+26 85+1.8 19+1.38 0.97 0.26 0.63
HDL cholesterol (mg/dL) 40.9+3.8 1.9+49 53.9+7.0 0.5+4.3 0.73 0.83 0.12
LDL cholesterol (mg/dL) 139.6 £ 7.1 —6.4+£17.4 146.1 £12.8 2.2+101 0.84 0.67 0.23
Total cholesterol (mg/dL) 200.7 £ 7.3 —-5.3+20.3 219.0 £ 194 48+ 17.6 0.99 0.71 0.20
Triglycerides (mg/dL) 122.9 £ 30.2 —4.6 £29.2 114.4 £16.3 —4.0 +£28.6 0.84 0.99 0.01
Inflammation
hs-CRP (jg/mi)* 4.95+1.27 0.87 £ 0.57 4.54 +1.26 —0.16 £ 0.55 0.14 0.31 0.69
CK18 (U/L) 189.3 £ 52.1 22.0+24.8 191.6 £34.5 —5.2+19.0 0.47 0.05 3.05

Data are means + SEM. There were no baseline differences between groups for any variable. *Non-normally distributed data are presented in raw version for ease
of interpretation. Fasted and 120 min pulse pressure were covaried for baseline values due to differences between groups. Change from pre- to post-intervention
(A); body mass index (BMI); fat free mass (FFM); waist circumference (WC); heart rate (HR); blood pressure (BP); mean arterial pressure (MAP); pulse pressure (PP);
augmentation pressure (AP); high density lipoproteins (HDL); low density lipoproteins (LDL); high sensitivity c-reactive protein (hs-CRP); cytokeratin 18 (CK18); time (T; pre
vs. post-intervention); group x time (G x T; SC vs. EX 4+ SC).





OPS/images/cover.jpg
frontiers
in Physiology

Impact of Pre-operative Aerobic
Exercise on Cardiometabolic
Health and Quality of Life
in Patients Undergoing Bariatric
Surgery









OPS/images/fphys-11-01018-g001.jpg
>

50

40

30

AIx@75 (%)

10

w

5000

) ) B A
(=1 (Y3 [=3 (V3
(=1 (= (=1 (=
[=] [=] [=] [=]

AIx@75 tAUC (%°*120min)
g

2000

20

e SC PRE-INT

«=@== SC POST-INT
EX+SC PRE-INT
EX+SCPOST-INT

0 60 120

Time (min)

EXA+SC

EPRE-INT
EPOST-INT





OPS/images/logo.jpg
, frontiers
in Physiology





OPS/images/fphys-11-01018-g002.jpg
A
E 2,000 - PY
g
S 1,000 ° &8
Yo
-
c 0 4
)
é 4
O 1,000 A
D J
< 2.000 1
v ] r=0.57
S 3,000 - P=0.04
= O
& |
< -4’000 .I T T T 1
-100 -50 0 50 100 150
A Sugar Intake (g)
C
0.10 -
r=-0.64
£ 0.05 - o 0.6
2
E 0.00 -
=
2 -0.05 -
S
2
E-0.10
]
>
-0.15 - o
_0.20 T T T T 1
-100 -50 0 50 100 150
A Sugar Intake (g)

A Insulin Sensitivity

Le gth of Stay (min)

8.0 -
r=-0.63
6.0 - P P=0.02
4.0 A
2.0 A
0.0 -
-2.0 A
-4.0 T T T T 1
-100 -50 0 50 100 150
A Sugar Intake (g)
5,000 -
O
o
4,000 -
3,000 -
2,000 - ° e © P=0.04
1,000 T T T T )
-100 -50 0 50 100 150

A Sugar Intake (g)





