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General clinical research center  GCRC 

Magnetic resonance imaging   MRI 

18-F fluorodeoxyglucose   FDG 

pre-exercise     pre-test 

within 24 hours of exercise   post-1 

after one week of no exercise   post-2 

glucose transporter 4    GLUT4 

rate of perceived exertion   RPE 

Visual analog scale    VAS 

Body Mass Index    BMI 

maximal insulin stimulated glucose disposal  Max GIR 
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Abstract 

Background: Aging is associated with a decline in skeletal muscle size. Muscle is critical both 

for mobility and glucose disposal. While resistance exercise (RE) increases muscle mass and 

function in the elderly, its role in improving glucose utilization is less clear. 

Aims: To investigate whether muscle size was linked with insulin sensitivity (IS) in elders with 

diabetes following RE and if regional muscle glucose uptake differed from 

systemic glucose utilization. 

Method: Seven (68.4±5.9 yrs) adults with diabetes participated. After 16 weeks of RE, within 24 

hours (post 1) and after 1 week of no exercise (post 2), lean tissue cross-sectional area (CSA) and 

IS via glucose infusion rate (GIR) were assessed along with a standardized FDG-PET uptake 

value (SUV). 

Results: CSA increased between pretest (108.5±35.3 cm2) and post 1 (116.8±40.9 cm2), p=0.02 

and did not differ at post 2 (116.0±39.3 cm2). GIR during the 40 mU/m2/min insulin clamp 

differed between pretest (22.0±15.8 mg/kg/min) and post 1 (67.9±72.8 mg/kg/min), and post 1 

and post 2 (25.0±27.2 mg/kg/min), but not between pretest and post 2. GIR results during the 

200 mU/ m2/min insulin clamps also differed between pretest and post 1, and post 1 and post 2 

but not between pretest and post 2. FDG-SUV increased between pretest (1.1±0.2) and post 1 

(1.4±0.3), and remained stable between post 1 and post 2 (1.4±0.4). 

Conclusion: RE that increased muscle size and FDG-SUV improved IS 24 hours but not 1 week 

after exercise training.  
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Introduction 

Aging is associated with a decline in skeletal muscle size (i.e., sarcopenia) and muscle is critical 

both for mobility and for glucose disposal as nearly 80% of the body’s glucose is disposed of in 

skeletal muscle (5). Older adults with type 2 diabetes (diabetes) are doubly afflicted by decreased 

muscle function and the metabolic consequences of sarcopenia.  Resistance exercise (RE) can 

increase muscle size and definitively improves muscle function in older adults, though its role in 

improving insulin sensitivity (IS) is less clear. Nevertheless, current practice and consensus 

statements (1, 2, 25) recommend RE as an important component of diabetes management. 

 

The metabolic adaptations contributing to the high prevalence of insulin resistance with aging are 

accompanied by loss of muscle size (19). Therefore increasing muscle size might be expected to 

increase glucose disposal into skeletal muscle. Conflicting evidence, however, undermines this 

association as some authors report improved IS following RE (12), while others do not (4, 15, 22). The 

actual mechanisms underlying changes in glucose uptake following RE are not known (10, 12, 14), and 

though IS is directly proportional to muscle size and inversely proportional to adipose tissue (26), the 

metabolic benefit of  increased muscle size increases following RE is currently debated.  

  

A recent systematic review of RE in adults with diabetes concluded that supervised RE is both safe and 

feasible and that it improves IS, though elucidating the mechanisms behind these improvements requires 

further research (12). IS changes following RE in adults with diabetes, as measured by the euglycemic-

hyperinsulinemic clamp has been reported in only two studies (17, 18). Both studies reported increased 

IS up to 48 hours following the final exercise session and only one reported increased leg volume by 

water displacement and leg circumference after training, while the other found no difference in lean 
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tissue mass following RE.  Further, whether IS as measured by the euglycemic-hyperinsulinemic clamp 

in older adults with diabetes remains improved for longer than 48 hours following the final RE session 

remains unknown. 

  

Resistance exercise via negative, eccentric work (RENEW) is a novel exercise program that induces 

predictable improvements in skeletal muscle size of the legs and leg function in older adults with a 

variety of co-morbid disease conditions (8, 21-23).  Eccentric exercise, and RENEW in particular is an 

ideal resistance exercise program to use with older adults with low exercise tolerance as participants can 

produce high leg muscle forces at low perceived exertion levels (24). In this study we sought to 

determine whether a regional increase in skeletal muscle size of the leg induced by 16 weeks of 

RENEW was coupled with improved whole body IS and whether that improvement remained after one 

week of no training.  We hypothesized that an increase in muscle size would not be linked to an increase 

in whole body IS following a 16-week RE program. Additionally, we sought to determine whether 

regional leg muscle glucose uptake (FDG-SUV) differed from systemic, whole body glucose utilization. 

 

 

Methods 

All subjects provided written consent and the study was approved by the Institutional Review Board of 

the University of Utah.  Seven older persons with diabetes participated (Table 1). All subjects had 

diabetes on the basis a 2 hour oral glucose tolerance test (OGTT) > 200mg/dl, were ambulatory and 

medically cleared to participate in an exercise regime and had normal cognition.  None were taking 

insulin, had participated in an organized aerobic or resistance training program in the previous 12 

months, and all were medically stable during the study (no medication changes or newly diagnosed 
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medical conditions) and weight stable over the previous 12 months. Subjects were excluded if they had 

severe cardiac disease (New York Heart Association class III or greater), uncontrolled hypertension 

(SBP > 165/95 mmHg); orthopedic problems limiting their ability to use exercise equipment without 

pain; central or peripheral nervous system disorders; diabetic retinopathy; myopathy; an inability to 

concentrate, follow directions or work independently; neurologic insult that resulted in mobility 

impairment; or rheumatologic disease that affected mobility. 

 

Insert Table 1 about here 

 

Design. A repeated measures design with subjects serving as their own controls was used and all 

measurements were taken pre-exercise (pre-test), at the conclusion of 16 weeks of resistance training 

within 24 hours of exercise (post 1) and after one week of no exercise (post 2).  Medications were 

withdrawn 48 hours prior to all testing times. The experimental design and time points for data 

collection are illustrated in Figure 1. 

 

Insert Figure 1 about here 

 

Measurements. All subjects participated in 3 evaluations, pre-test, post 1, and post 2 (Figure 1).  For 

each evaluation, participants stayed overnight in the general clinical research center (GCRC).  For the 

three days prior to GCRC admission, participants ate a prepared 3-day diet from the GCRC 

bionutritionist. This diet contained approximately 30% of the daily calories from fat, 30% from 

protein, and 40% from carbohydrates. Magnetic resonance imaging (MRI) scans were performed the 
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evening of the GCRC admission, euglycemic-hyperinsulinemic clamp studies, FDG-PET scans and 

muscle biopsies, respectively, were performed the following morning. 

 

Thigh muscle size. Lean tissue cross-sectional area (CSA) of the thigh muscles was calculated from MRI 

scans. Participants were placed supine in the MRI magnet with the legs relaxed on a plastic form that 

was used in order to reproduce the same leg position for the PET scans. All scans were performed on a 

single 3.0 Tesla Siemens Trio system using the spine coil incorporated in the scan table posteriorly 

combined with the torso array coil anteriorly. 

 

Four MRI visible and compatible fiducial markers (IZI Medical, inc. MD) injected with a small amount 

of 18-F fluorodeoxyglucose (FDG) were placed on the thigh in the area of PET emission image 

acquisition. These markers were identifiable both by MRI and PET thus allowing for eventual accurate 

co-registration of the PET and MRI images.  To establish the area of anatomic interest, a coronal fast 

spoiled gradient echo scout scan was used to identify the superior and inferior boundaries of the scans 

(the femoral head and the tibiofemoral joint line). Axial images (n=27) were then obtained with a slice 

thickness of 1cm giving a 27 cm field of view (FOV) in the superior-inferior direction centered on the 

mid thigh.  An image matrix of 512 x 512 was used over a variable FOV chosen to adequately include 

the entire axial cross-section of the bilateral thighs, typically less than 36 cm.  Once the area of interest 

was established, axial T1 weighted images were acquired.  Bilateral thighs were imaged and eleven 

images representing the middle 1/3 of each thigh were used to determine average CSA (cm
2
) of lean 

tissue using custom written image analysis software (MatLab; Mathworks, Natick, MA). The same 

investigator, blinded to time point of scan and slice location performed all measurements.  This 
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technique has demonstrated high levels of intrarater reliability (8), test-retest reliability (9, 13), and 

concurrent validity when compared to imaging of a cadaveric phantom limb (8). 

 

Insulin sensitivity. Following a 12 hour fast, each subject participated in a two-step euglycemic-

hyperinsulinemic clamp as described by DeFronzo (6).  Peripheral catheters were placed in an 

antecubital vein for blood sampling, and in the contralateral antecubital vein for administration 

of glucose, insulin, potassium and saline.  Arterialized venous blood samples were obtained from 

an indwelling catheter placed in a vein of the opposite hand that was wrapped in a warming 

device.  Two blood samples were taken from minus 20 minutes to time 0 to measure basal 

insulin and glucose.  At time 0, the clamp was started and continued for approximately 120 

minutes.  Blood samples were taken at 5-minute intervals for plasma glucose determination using 

a YSI-2300 STAT Plus glucose analyzer (Yellow Springs Instruments, Yellow Springs, OH).  

Insulin was infused at a pre-determined rate based on the subject’s body surface area. Plasma 

glucose determinations were used to titrate the infusion rate of 20% glucose as needed to 

maintain euglycemia. To obtain two different target insulin infusion rates, insulin was increased 

after both blood glucose levels and glucose infusion rates had reached a steady state (< ± 5% of 

95mg/dL for six consecutive readings, 5 minutes apart), approximately 75 minutes after initiating 

the clamp. The initial infusion level was 40 mU/m
2
/min to achieve insulin levels of 

approximately 90 uU/ml (one-half maximum glucose disposal).  The final infusion level was 200 

mU/m
2
/min to achieve insulin levels of approximately 300 uU/ml (maximum glucose disposal). 

The second stage of the clamp was considered complete by the same criterion used to increase 

the insulin level from the first clamp stage, steady state glucose near 95mg/dl for six consecutive 

readings.  Insulin levels were measured by radioimmunoassay using a double antibody technique 
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(Coat-A-Count; Diagnostic Products Corp., Los Angeles, CA). Results of the clamp studies are 

expressed as the glucose infusion rate (GIR) during each of the two clamp stages. 

 

Leg muscle glucose standardized uptake value (SUV). During the final stage of the clamp, 

subjects were injected intravenously with 10 mCi of 18-F fluorodeoxyglucose (FDG), a positron 

labeled form of glucose that allows for a semi-quantitative determination of glucose uptake 

(FDG-SUV). The serum glucose and insulin levels were held constant for 30 minutes after the 

FDG injection, during which time 95% of the FDG localized to the muscle tissue. After injection 

of FDG, dynamic PET emission imaging was performed using an Advance PET camera (7) 

(General Electric Medical Systems, Milwaukee, WI) over the mid thigh for a total of 70 minutes. 

After the completion of the dynamic imaging, a transmission image was obtained for 10 minutes 

using the integrated germanium rod source in the PET camera. The transmission image was used 

for attenuation correction and was acquired over the same mid thigh position. After completion 

of the transmission scan, the fiducial markers were filled with a small quantity of FDG and an 

additional emission imaging was obtained for 2 minutes which could be used for co-registration 

of the MRI and emission PET images.  SUV is defined as the ratio of activity in tissue (in 

µCi/ml) divided by the decay-corrected activity injected into the patient (in mCi/Kg).  Tissue 

activity was determined from attenuation corrected PET images and was decay corrected to time 

of injection.  Injected activity was measured in a dose calibrator and corrected for residual 

activity in the syringe, and decay corrected to time of injection.  All SUV values are reported for 

images acquired from 60 to 70 minutes after injection. Using the fiducial markers identifiable on 

both MRI and PET allowed for accurate co-registration of the PET and MRI images. A region of 

interest (ROI) was drawn on the 60 -70 minute emission FDG-PET image over the mid thigh on 
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the PET emission image obtained with the fiducial markers injected with FDG. Since the patient 

had not moved during any of the PET imaging, this ROI was copied to the dynamic PET 

emission images. This ROI encompassed the entire mid thigh musculature. This allowed for 

determinations of the average SUV value to be made in a specific and reproducible area over the 

mid thigh. From the available activity within the ROI, the amount of injected activity, and the 

subjects weight an average SUV value was determined. The formula to determine a tissue SUV 

is noted below. The SUV values determined were an average SUV for the entire mid thigh 

musculature.  

 

   

The FDG-SUV is a unitless measurement with the assumption that body tissues have the density 

of water (i.e. 1kg is equivalent to 1litre). 

 

Western blot analysis of proteins involved in glucose utilization. Immediately following the PET 

imaging session, a single insulin stimulated muscle biopsy using the percutaneous needle biopsy 

technique (3) was obtained from the vastus lateralis muscle at mid muscle level. The skin and 

fascia 12 – 15 cm above the lateral joint space was anesthetized with 5 cc of 1% zylocaine and a 

small incision was made.  The biopsy needle was inserted 3 – 5 cm beyond the fascia into muscle 

and 3 passes (bites) made to yield approximately 200 mg of muscle. Following biopsy, deep 

pressure was applied for 20 minutes, followed by a steri-strip bandage and pressure dressing.  

SUV =
Tissue activity  (µCi / ml)

Injected activity (mCi)

Weight(Kg)
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The sample obtained was dissected free of blood and visible fat, snap frozen at stored at -80°C 

until analysis  

 

Levels of the glucose transporter 4 (GLUT4) protein were assessed by western blotting. Whole-cell 

protein extracts were isolated from ~15 mg of frozen tissue homogenized in 150 µl Lysis buffer (50 

mmol/L HEPES, 150 mmol/L NaCl, 10% Glycerol, 1% Triton X-100, 1.5 mmol/L MgCl2, 1 mmol/L 

EGTA, 10 mmol/L, 1X Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific Inc., 

Rockford, IL)). Tissue lysates were resolved on SDS-PAGE and transferred to PVDF membranes 

(Millipore Corp., Billerica, MA). Membranes were probed with the appropriate primary antibodies at a 

dilution of 1/1000 (GLUT4: Santa Cruz, Santa Cruz, CA; GAPDH Cell Signaling, Danvers, MA). Alexa 

fluor anti-Rabbit 680 (Invitrogen, Carlsbad, CA) or anti-Mouse IRDYE800 (Li-COR, Lincoln, NE) was 

used as secondary antibody (1/10000). Fluorescence was quantified using the LICOR Odyssey imager 

(Lincoln, NE). 

 

Exercise intervention. Subjects participated in a progressive thrice weekly, 16-week eccentric ergometry 

program (RENEW) that has been described in detail previously (8). A recumbent stepper powered by a 

three horsepower motor drives the foot pedals in a “backwards” direction, i.e., toward the individual 

producing eccentric muscle contractions when the rider attempts to resist by pushing on the pedals (with 

verbal instructions to, “try to slow down the pedals”) as they moved toward them. Because the 

magnitude of the force produced by the stepper exceeds that of the rider, the pedals move toward the 

participant at a constant velocity, resulting in eccentric contractions of the knee and hip extensors. The 

progression of the eccentric exercise work rate was determined as a function of the perceived exertion 

(RPE) using a “target” workload on a computer monitor.  Once participants achieved an RPE of 
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“somewhat hard” they were instructed to maintain that RPE throughout the exercise program duration.  

A visual analog scale (VAS) was used to monitor muscle pain prior to each session and heart rate and 

RPE were collected at the halfway point of each session.  

 

Statistical analysis. Data were analyzed using PASW version 18. Descriptive statistics were 

calculated for baseline characteristics. Results are expressed as means ± SD.  Separate 

Friedman’s Tests were used to compare CSA, FDG-SUV and GIR at both clamp stages for pre-

test, post 1, and post 2.  Friedman’s Tests were also used to compare plasma insulin and plasma 

glucose levels in the fasting state, and at both clamp stages. When a significant difference was 

observed, the Wilcoxon signed rank test was used post hoc.  The level of significance was set at 

p <0.05. 

 

Results 

 

Subjects participated in 48 sessions over the 16-week period and increased their average weekly 

work over 10-fold, from 6,785 (±7,784) J to 72,864 J (±49,056).  Mean weekly training heart 

rates, taken at the mid point of each exercise session, ranged from 99-106 (±17) BPM and did 

not differ over the intervention period (p = 0.54) indicating that the RE intervention was not 

aerobic in nature.   

 

Thigh muscle size. Thigh lean CSA increased (8%) between the pretest and post 1 time point, 

p=0.02 and remained stable between post 1 and post 2 time points, p= 0.32 (Figure 2). 

 

Insert Figure 2 about here 
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Insulin sensitivity. Significant differences were found in GIR at clamp stage one between pretest 

and post 1 time point, p<0.01 and post 1 and post 2 time points, p<0.01 but not between pretest 

and post 2 time point, p=0.40.  Similar differences were also noted in GIR at the second clamp 

stage. Pretest and post 1 time point were found to be significantly different, p<0.01 and post 1 

and post 2 time points were found to be significantly different, p<0.01 but no differences were 

found between pretest and post 2 time point, p=0.07. 

 

Leg muscle glucose uptake (SUV). The FDG-SUV increased between pretest and post 1 time 

point, p=0.02 and remained stable between post 1 and post 2 time points, p=0.66. (Table 2) 

 

Insert Table 2 about here 

 

Plasma Insulin and plasma glucose. There were no significant differences between fasting 

plasma insulin or fasting plasma glucose between pretest, post 1 and post 2.  There were also no 

significant differences between plasma glucose levels during the clamp stages. 

 

Insert Table 3 about here 

 

Assessment of protein levels for GLUT4 revealed a significant increase of 26% at the post 1 time 

point versus the pre-sample (P < 0.002). The increase between the pre-test and post 1 time points 

tended to be sustained at the post 2 time point (P = 0.08) (Figure 3).  

 

Insert Figure 3 about here 
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Discussion 

The novel finding in this study is that a regional increase (8%) in thigh muscle size was 

accompanied by an increase in the regional glucose uptake following 16 weeks of RE.  This 

change in muscle size, however, was not sufficient to improve whole body IS 1 week after the 

cessation of a RE program. Thus, whereas whole body IS was enhanced 24 hours following the 

final RE session, this whole body effect was lost after 1 week of no exercise, despite a persistent 

8% increase in the size of thigh muscle. This magnitude of muscle size increase in this older 

group with diabetes was insufficient to sustain improved whole body IS that was present 24 

hours after the final exercise session.  Additionally, there was no change in total body fat 

percentage. 

 

The metabolic link between changes in muscle size and IS remains elusive. IS has been 

demonstrated to be directly proportional to muscle size in younger healthy individuals (26), 

though it is not related to muscle size in middle aged, overweight and obese adults (20). We 

cannot conclude from our study that increased skeletal muscle size does not contribute to 

improved IS (as we originally hypothesized) since regional glucose uptake in the exercised 

muscles of the thigh did increase and remained increased at both 24 hours and 1 week following 

a 16 week RE program.  We can conclude, however, that the increased muscle size and regional 

glucose uptake did not result in increased whole body in IS.  

 

Our findings provide a potential explanation for the apparent paradox in the existing literature.  

Young, healthy adults may already have, or be able to gain enough skeletal muscle size to meet a 

threshold for improving IS, so in this group muscle size is proportional to IS.  Whereas older 
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adults, or middle aged adults who are overweight or obese may not be able to meet that 

minimum threshold of muscle size, even with RE, there does not appear to be any relationship 

between muscle size and whole body IS in this group. Cross-sectional data in healthy young 

athletes (26), and in healthy, young to middle aged sedentary adults across a large BMI spectrum 

(11) demonstrate significant relationships between muscle lean tissue and glucose metabolism. 

Important to note, is that these individuals were without apparent metabolic abnormalities and 

were younger than the subjects in our study. 

 

Alternatively, it is also possible that age-related differences in the release of cytokines or 

myokines might exist that contribute to differential responses in terms of IS. For example, the 

dissociation between the insulin sensitizing affect after the one week wash-out period may have 

been mediated through the beneficial anti-inflammatory effects of the exercise training. Future 

investigations should determine the inflammatory response to this exercise regimen. Another 

possibility is that the insulin sensitizing affect was mediated by multiple tissues such as liver or 

adipose, and those may have been lost after one week while the muscle remained responsive. We 

did not measure glucose production directly during the clamps, however the clamps were done 

under hyperinsulinemia where hepatic glucose production is small, even in insulin resistance. 

Thus, the clamp results mainly reflect peripheral glucose uptake.  While it is still possible that in 

the basal condition that hepatic insulin resistance did contribute to the overall phenotype, our 

methods did not allow us to directly test this question.  We did not, however, observe a 

significant change in fasting glucose between pre, post 1 and post 2 tests (Table 3), and therefore 

do not think that hepatic glucose production, a large contributor to fasting glucose, is responsible 

for our results.  Finally, the return to the pre training whole body insulin sensitivity following 7 
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days of rest may be attributed to the non-exercised muscle groups reverting back to their 

previous metabolic milieu, suggesting that more muscle groups need be included in RE programs 

aimed at improving insulin sensitivity in older adults with diabetes. 

 

In overweight and obese individuals however, the relationship between skeletal muscle size and 

IS may not be the same.  Cross-sectional data presented by Kuk et al (20), reveals no significant 

relationship between whole body lean tissue and IS in young to middle aged adults with a BMI 

range of 25-48 kg
.
m

-2
.  Perhaps at this high of a BMI (mean total skeletal muscle 22.7 kg, fat 

40.2 kg females, muscle 34.5 kg, fat 32 kg male) these individuals do not meet the threshold 

where muscle lean tissue can make a significant difference to overall IS.  Moreover, two 

longitudinal studies (15, 22) each using the euglycemic-hyperinsulinemic clamp to determine IS 

and employing RE regimes of 3 to 6 months duration reported significant improvements in fat 

free mass in overweight older women without any significant improvements in IS measured 72-

96 hours following the final exercise session of the training program.   The results of our current 

study are in agreement with these data suggesting no sustained improvement in whole body IS 

despite increased lean tissue mass resulting from an RE program. 

 

Resistance training is an important countermeasure to minimize the deleterious consequences of 

sarcopenia in older adults. These consequences include both loss of physical function and 

alterations in metabolism.  That RE improves muscle strength and mobility in older adults is 

undisputed and while some training programs have resulted in muscle size improvements as 

well, the magnitude of these improvements are not likely to directly influence IS in those 

experiencing age-related loss of muscle size.  It may be that the repeated acute effect of frequent 
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RE is responsible for the improvements in whole-body IS that have been reported in the 

literature.  This possibility has been validated by Heath et. al (16) with aerobic exercise in young, 

healthy individuals.  A potential repeated RE effect may be especially important for older adults 

suffering from sarcopenia who may experience difficulty increasing muscle mass.  

 

As well, both maximal insulin stimulated glucose disposal (Max GIR) and GLUT4 protein 

content tended to remain increased at the 1-week post exercise measurement.  Though we may 

have been underpowered to identify a significant improvement in these two secondary variables, 

an increase in each of these parameters is consistent with improved thigh skeletal muscle size 

(the tissue that was imaged, and biopsied). 

 

Despite increased glucose clearance following RE in the current study, we were unable to 

determine changes in the activity state of the signaling molecules Akt or AMPK due to the post 

insulin-stimulated status of all muscle samples.   Although these results may suggest that factors 

other than acute changes in signaling molecules may be responsible for the observed effects, it is 

possible that the increase in total content of GLUT4 may account for the differences in glucose 

uptake by increased transport machinery. However, without non-stimulated muscle to compare 

to we cannot rule out changes in hormone sensitivity or signaling. 

 

Some limitations notable in the current study include the small sample size and lack of control 

subjects. Using participants as their own control, however may also be seen as a strength as this 

research design minimizes between subject variability. The fact that our results demonstrated 
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significant changes in IS, FDG uptake and muscle size following RE suggests that the sample 

size was adequate to address the primary hypothesis in this study.  

 

Sarcopenia likely contributes to insulin resistance in older adults.  Moreover, sarcopenia is a 

significant impairment in the elderly, and even successful whole body RE programs rarely result 

in skeletal muscle improvements greater than 10%.  Our results suggest that though this 

magnitude of improvement in muscle size may not be enough to affect whole body IS, RE 

provides a short-term (less than 7 day) metabolic benefit.  Our results are in agreement with 

several other authors (12) who have reported improved IS following RE of different intensities, 

measuring their outcomes anywhere from 24-96 hours after the final RE session of a long 

duration (6 weeks to 6 months) training program and with the literature that suggests there is no 

sustained IS effect as measured with the euglycemic-hyperinsulinemic clamp in older, 

overweight individuals (15, 22) who are likely experiencing a loss of skeletal muscle that is often 

associated with aging.  Older individuals, especially those experiencing sarcopenia should 

participate in RE more than one time each week in order to maintain enhanced IS. 
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Figure Legends  

 

 

 

Figure 1.  Experimental design.  Timeline and data collection points for the study.  Post-
test 1 was performed within 24 hours of the final exercise session, post-test 2 was 
performed 7 days after post-test 1.  Each testing session included a hyperinsulinemic-
euglycemic clamp, FDG-PET scan, vastus lateralis muscle biopsy, and thigh magnetic 
resonance imaging (MRI) and was preceded by a 3-day prepared diet. 
 
Figure 2. Representative Pre (A) and Post 1 (B) MRI Images. 
 
Figure 3. Muscle GLUT4 content. Western analysis of the glucose transporter GLUT4. 
Graph represents fluorescent values determined as outlined in methods corrected to 

GAPDH and normalized to Pre-samples (= 1.0). Data are mean ± SEM. n = 7, a P < 0.02 
vs. Pretest. 
 
 
Table 1.  Participant Characteristics.  

    

N (Males) 7(4) 

Age (years) 68.4  ± 5.9 

Years since diagnosis  8.5  ± 5.0 

HbA1c 6.1  ± .6 

BMI (Kg/m2) 29.3 ± 4.2 

Total Body Fat (%) 34.1 ± 5.8 
Mean ± SD; HbA1C = glycosylated hemoglobin, BMI = Body Mass Index  
 
 
Table 2.  Outcome measures. CSA = lean cross sectional area, GIR = glucose infusion 
rate, FDG-SUV = leg muscle glucose uptake as a standardized uptake value (SUV). 

   Pre +/- SD  Post 1 +/- SD  Post 2 +/- SD 

 CSA (cm2)  108.5 ± 35.3 116.8 ± 40.9* 116.0 ± 39.3  

 GIR stage 1 (mg • kg -1 • min-1)  22.0 ± 15.8 67.9 ± 72.8*  25.0 ± 27.2**  

 GIR stage 2 (mg • kg -1 • min-1)  225.1 ± 70.0 272.9 ± 58.6*  238.3 ± 40.2**  

 FDG-SUV   1.1 ± 0.2  1.4 ± 0.3* 1.4 ± 0.4 

*significant difference between pre test and post 1,**significant difference between post 1 
and post 2, p<.03 
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Table 3.  Plasma glucose and insulin levels fasting and during clamp stages 1 and 2. 

   Pre +/- SD  Post 1 +/- SD  Post 2 +/- SD 

 Plasma Insulin (U/mL) 

     Fasting 

     Clamp Stage 1 

     Clamp Stage 2 

5.3 ± 4.5  

68.1 ± 79.9 

255.7 ± 99.8 

 4.4 ± 1.2 

47.2 ± 7.0 

351.3 ± 75.7 

6.2 ± 3.3 

75.6 ± 74.2 

293.5 ± 71.4 

 Plasma Glucose (mg/dL) 

     Fasting 

     Clamp Stage 1 

     Clamp Stage 2 

124.2 ± 12.4  

109.4 ± 6.8 

97.7 ± 9.7 

129.2 ± 16.4 

101.7 ± 7.7 

103.1 ± 7.1 

130.3 ± 17.2  

102.1 ± 6.4 

97.7 ± 10.3 

 
 
 
 

J. Endocrinol. Invest. First published ahead of print April 5, 2012 as DOI: 10.3275/8333

Copyright© 2012, Editrice Kurtis



 
Figure 1.  Experimental design.  Timeline and data collection points for the study.  Post-test 1 was performed within 24 
hours of the final exercise session, post-test 2 was performed 7 days after post-test 1.  Each testing session included a 
hyperinsulinemic-euglycemic clamp, FDG-PET scan, vastus lateralis muscle biopsy, and thigh magnetic resonance 
imaging (MRI) and was preceded by a 3-day prepared diet. 
	  
	  
	  

	  
	  
	  
	  
	  

Pre-Test

16 weeks RENEW

Post-Test 1

Post-Test 2

3 day diet 3 day diet 3 day diet

PET Scan
Clamp

Muscle Biopsy
MRI

PET Scan
Clamp

Muscle Biopsy
MRI

PET Scan
Clamp

Muscle Biopsy
MRI

1 week no training

J. Endocrinol. Invest. First published ahead of print April 5, 2012 as DOI: 10.3275/8333

Copyright© 2012, Editrice Kurtis



Figure 2.  Representative Pre (A) and Post 1 (B) MRI Images. 
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Figure	  3.	  Muscle	  GLUT4	  content.	  Western	  analysis	  of	  the	  glucose	  transporter	  GLUT4.	  Graph	  
represents	  fluorescent	  values	  determined	  as	  outlined	  in	  methods	  corrected	  to	  GAPDH	  and	  
normalized	  to	  Pre-‐samples	  (	  =	  1.0).	  Data	  are	  mean	  ±	  SEM.	  n	  =	  7,	  	  a	  P	  <	  0.02	  vs.	  Pretest.	  
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