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ABSTRACT 

INVESTIGATING THE ROLE OF BLOOD FLOW AND MUSCLE 

CONTRACTIONS IN POST-GLUCOSE GLYCEMIC CONTROL AND 

VASCULAR FUNCTION 

 

Jeremy Noah Cohen 

University of Guelph, 2021

                                 Advisor: 

Dr. Jamie F. Burr 

 

Post-prandial glycemic and vascular function impairments are ameliorated by acute 

exercise. Blood flow restriction (BFR) and electric muscle stimulation (EMS) offer similar 

characteristics, inducing hyperemia and preferential glucose oxidation. In 13 active 

participants (27±3yr, 7 female) we measured post-glucose (oral 100g) glycemic, 

cardiometabolic and vascular function measures over 120min following four interventions: 

BFR, EMS, BFR+EMS or Control. Glycemic and insulinemic responses were not different 

between interventions (both P>0.15). However, BFR+EMS produced ‘interval-like’ effects 

on oxygen consumption, carbohydrate oxidation and muscle oxygenation relative to all 

interventions (all P<0.01). Macrovascular function was significantly reduced 60min post-

glucose and recovered at 120min (P<0.001). Microvascular measures lacked meaningful 

differences. Leg blood flow and vascular conductance increased with BFR only 60min 

post-intervention (P=0.02). BFR+EMS did not preferentially improve post-glucose 

metabolic or vascular function, despite causing intended ‘interval-like’ effects on markers 

of glycemic and vascular regulation. Future study should investigate BFR+EMS in 

clinically sensitive populations. 
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1 Introduction and Review of the Literature 

1.1 Vascular Function 

Appropriate micro and macro-vascular function is critically important to homeostatic 

balance and function of the healthy cardiovascular system. Integral to functional vascular 

responses is the action of the endothelium, the inner-most layer of all blood vessels. The 

endothelium interacts directly with blood flow, transmitting mechanical and hormonal 

stimuli to regulate arterial diameter. When this vascular reactivity response is impaired by 

endothelial dysfunction, the system is at significantly higher risk of developing 

atherosclerosis and cardiovascular disease. Vascular reactivity to mechanical and 

hormonal stimuli is a primary mechanism mediating functional responses and can be 

assessed using several methods, which are covered below. 

1.1.1 Flow-mediated dilation 

The flow-mediated dilation (FMD) test was developed as a non-invasive 

assessment of endothelial function.1,2 Identification of endothelial dysfunction in the 

peripheral arteries is a risk factor for cardiovascular disease (CVD) including: 

atherosclerosis, carotid intima-media thickness and coronary artery disease.3–5 Meta-

analyses have demonstrated that for every 1% increase in FMD score there is an 

associated 13% relative risk reduction for future CVD.3 Endothelial function measured by 

FMD primarily tests the endothelium’s capacity to produce nitric oxide (NO), a potent 

vasodilator.6,7 To elicit a vasodilatory response, a tourniquet cuff is used to occlude a 

peripheral artery for 5min followed by rapid cuff deflation causing a reactive hyperemic 

(RH) response peaking 2-5s following cuff release.2,8 The typical response is that the 

artery diameter does not change, or may decrease slightly immediately following release 

but begins to dilate after 10-15s following cuff release, peaking at 45-60s.2,8 This change 

in artery diameter from baseline to peak represents the FMD value used to assess 

endothelial function. 
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 In principle, a greater vasodilatory response, measured by percent change in 

diameter, indicates an increased NO bioavailability dependent on endothelial NO 

production and destruction.9 The RH exerts a shear stress against the endothelium, 

mechanically triggering endothelial nitric oxide synthase (eNOS) activation and NO 

release, diffusing to vascular smooth muscle, lowering intracellular calcium and facilitating 

relaxation.10,11 Shear stress refers to the physical force exerted on an object, defined as 

the ratio of the applied parallel force relative to cross-sectional area and expressed in 

Pascals. In the human vasculature, shear force is exerted primarily by red blood cells 

(applied force) onto the vascular endothelium (cross-sectional area) and measured in 

dynes•cm-2. However, due to the complexity and cost associated with measuring whole 

blood viscosity, a variable that is largely well-conserved across individuals,12 researchers 

often use the more accessible shear rate metric. Shear rate is calculated as the quotient 

of mean blood velocity and artery diameter, giving units of s-1. The importance of shear 

rate in the interpretation of FMD responses has been debated theoretically and 

statistically,9,13,14 however, it is generally agreed that RH-induced shear stress is the 

stimulus for NO release and the FMD response. 

FMD is an attractive tool for the non-invasive assessment of macrovascular 

function due to its aforementioned clinical relevance, good repeatability and 

sensitivity,15,16 limited equipment requirements (occlusion cuff, ultrasound),2 relevance in 

different arteries17 and logistical applicability to acute study.18–22 As a result of its 

widespread use and applicability, a considerable body of research exists examining FMD 

in clinical and healthy populations offering normative data that can be compared following 

exercise and metabolic interventions. Notably, there appears to be an interaction between 

baseline FMD, health status and the intervening stimulus intensity. Baseline and post-

exercise FMD is greater in lean vs obese subjects,18,23 both acutely and following chronic 

exercise training.24 The FMD is also typically impaired in type II diabetics living with 

hyperglycemia under resting conditions, however, acute exercise improves their 

response,25 demonstrating an effect of exercise-induced changes to glycemia and 

vascular function. This idea is highlighted by the observed decrease in FMD following 
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acute consumption of oral glucose and the subsequent rescue of FMD with 

exercise.12,22,26–28 Given these data, there exists a detrimental role of oral hyperglycemia 

that is resolved with exercise in acute challenges and following chronic training in healthy 

and clinical populations.  

1.1.2 Passive-leg movement 

Quantifying hyperemia, or increases in blood flow following intra-arterial infusion 

of the NO agonist acetylcholine, is considered to be the gold-standard method of vascular 

function assessment, with microvascular implications;29,30 however, intra-arterial infusion 

is invasive. Passive-leg movement (PLM) is a recently developed test of vascular function 

wherein the participant’s lower-leg is passively moved through a 90o range of motion, 

while the RH response is measured.31 PLM has been validated against non-invasive 

(FMD)32 and invasive (intra-arterial infusion) methods of vascular function, demonstrating 

a NO-mediated effect33 with robust differences across age, fitness and vascular disease 

spectrums.34,35 An ability to reliably interrogate a primarily (~70%) NO-dependent 

mechanism of vascular function33 makes PLM a technique with wide applicability, yet still 

only has a small supporting body of research. Since PLM focuses on the RH response to 

a passive, non-hypoxic and non-metabolic stimulus, it is considered a test of 

microvascular function,31 assessing the resistance arteries and microvasculature’s ability 

to facilitate increased blood flow through the common femoral artery (CFA). 

Comparatively, the FMD test focuses on macrovascular endothelial function assessed by 

change in artery diameter resultant from the RH-induced shear stress. Since PLM does 

not rely on small differences in artery diameter, instead only changes in leg blood flow 

(LBF) measured by ultrasound doppler, acquiring reliable data becomes increasingly 

accessible.31,36  

There are important considerations when assessing PLM responses as LBF can 

be influenced by factors not necessarily related to vascular function. First, the speed and 

range of motion of the passive limb represents the input stimulus and, thus, influences 

the response magnitude. Faster movement speeds (60-240o•sec-1) display a linear 
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increase in the observed PLM response and similarly, movement range (30-120o) shows 

a parabolic response.37 This highlights the importance of performing PLM under 

controlled conditions with a fixed cadence and a skilled researcher moving the leg. 

Notably, perfusion pressure and the acting height of the orthostatic column above the 

CFA during leg movement has been shown repeatedly to greatly influence the response 

magnitude to PLM and, thus, interpretation of vascular function.34,35,38 A chronotropic 

central component has also been identified during PLM, increasing heart rate and cardiac 

output, evidenced with and without neural blockade,39,40 however, this increase does not 

dictate the response magnitude to the same degree as other influencing factors such as 

perfusion pressure and resistance artery vasodilation.31 A further consideration of the 

PLM response is the influence of baseline LBF preceding the onset of leg movement. 

When LBF is specifically increased via heat application, the subsequent PLM response 

magnitude is blunted when measured as a change in LBF.41 This finding has implications 

for study designs wherein LBF is being manipulated and PLM is an acute outcome 

measure. PLM is still a relatively new technique for vascular function assessment and 

has several nuances yet to be studied in detail however, the accessibility and reliability of 

normative data make PLM an attractive tool to easily study microvascular function.36 

1.1.3 Shear as a vascular therapeutic 

Increased shear stress is observed under any condition of increased blood velocity 

and is typically conserved at rest across different sized individuals due to the 

proportionality of artery cross-sectional area and body sizes. Shear stress has a well-

defined mechanism of action within the vasculature, activating mechano-sensitive 

receptors and transducing an eventual signal for eNOS activation and production of 

NO.42,43 Due to the atheroprotective effects of NO (antithrombogenic, regulation of arterial 

tone, inhibition of vascular smooth muscle proliferation),10 shear stress has been hailed 

as a key mediator in vascular health, preserving function acutely44–46 and contributing to 

remodelling with chronic exercise training.47 However, the specific shear pattern defined 

by positive blood velocities (antegrade shear) and negative blood velocities (retrograde 

shear) and quantified by the oscillatory shear index (OSI) is an important aspect as there 
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can be divergent outcomes. OSI is simply |retrograde SR| • (|retrograde shear rate| 

+|antegrade shear rate|)-1 48 and typically a greater OSI index is linked to endothelial 

dysfunction and reduced NO bioavailability.49 OSI emphasizes the importance of 

generating antegrade shear stress within arteries in order to preserve healthy function, 

calling into question the shear pattern generated by different shear inducing 

methodologies. Two basic shear patterns include a sustained shear stress, observed 

during rhythmic muscle contraction or muscle heating50 and cyclic shear stress caused 

by a RH stimulus.51 Each of these stimuli ultimately generate an increase in mean shear 

stress, however, the latter RH stimulus typically induced by vascular occlusion produces 

a considerable retrograde shear stress during occlusion and yet is still capable of overall 

atheroprotective adaptations.51,52 As a result, the mechanisms of adaptation resulting 

from different shear stress patterns on acute and chronic vascular function appear to be 

antegrade dependent, yet some mechanisms involving retrograde shear are still not well 

understood and warrant investigation. 

1.1.4 Insulin as a vasoactive hormone 

Insulin is a metabolic hormone released in the presence of elevated glycemia, 

signalling primarily to skeletal muscle and hepatic tissue for glucose uptake and return to 

normoglycemia.53 Insulin also plays a key role in regulating blood flow and thus glucose 

delivery during hyperinsulinemia, shown to have consistent hyperemic effects on the 

macro and micro-vasculature.54–58 Insulin dependent hyperemia in skeletal muscle occurs 

via convergence on Akt phosphorylation and eNOS activation,59 causing NO release and 

arterial vasodilation.58 This effect mediating skeletal muscle hyperemia during 

hyperinsulinemia is confirmed by inhibition of NO formation blunting bulk blood flow and 

microvascular recruitment, reducing insulin dependent glucose uptake up to 40%.60–62 

This suggests an obligatory role for insulin in both delivery and uptake of nutrients in the 

post-prandial state. In fact, observation of different clinical populations of varied insulin 

sensitivity demonstrates a relationship between post-prandial skeletal muscle blood flow 

and disease progression, suggesting a vascular-specific insulin resistance.56,63–66 This 

vascular-specific effect appears to precede the development of skeletal muscle and 
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hepatic insulin resistance, and likely contributes to its development.65 Notably, insulin’s 

functional role in nutrient delivery extends beyond bulk blood flow and the 

macrovasculature, also causing significantly increased capillary recruitment and nutritive 

blood flow.67 Thus, initialization of the insulin resistance spiral may begin as a functional 

limitation to post-prandial nutrient delivery, leading to higher rates of hyperglycemia and 

hyperinsulinemia before eventual pancreatic beta cell fatigue. Circumventing this early 

onset vascular insulin resistance by promoting nutritive blood flow through strategies such 

as RH and muscle contractions may support greater insulin-dependent glucose uptake 

and act as a primary prevention strategy against clinical insulin resistance.  

 

1.2 Blood Flow Restriction 

The intentional restriction of muscle blood flow, or blood flow restriction (BFR) has 

been studied for decades with early investigations exploring effects of muscle occlusion 

and ischemia.68–70 Muscle ischemia significantly increases systemic blood pressure in the 

presence of muscle metabolites, identifying the role of a metaboreflex.68 The magnitude 

of the metaboreflex is proportional to the degree of metabolite trapping and can be 

accelerated by contracting ischemic muscle. Occlusion for extended lengths of time (30-

40min) in the absence of muscle contractions results in minimal metabolite accumulation 

and a rapid plateau (~3min) in muscle pO2.
69,71 In line with metaboreflex effects, in vitro 

and animal experiments of muscle oxygenation report increases in glucose transport and 

utilization.72,73 However, contracting ischemic muscle significantly reduces muscle 

oxygenation beyond occlusion alone and accelerates glycogenolysis.74,75 Thus, the 

capacity to affect muscle glucose metabolism by manipulating muscle oxygenation and 

contractions position BFR as a potential glucose metabolism therapeutic, as has been 

recently suggested.76 

Beyond muscle-specific effects, BFR also produces a characteristic RH response 

upon cuff release, as discussed earlier, a feature considered to be atheroprotective when 
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repeated in ischemia-reperfusion cycles.51,52,77,78 The prevailing thought for BFR’s 

atheroprotective mechanism of action relates to cyclic increased NO bioavailability, acute 

up-regulation of prostaglandin formation and structural adaptations linked to RH.51,79 The 

optimal RH response is related to decreased muscle pO2 and metabolite accumulation, 

which can be achieved in 2-3 min ischemic contraction bouts, highlighting the importance 

of concurrent contractions. Application of these mechanisms has implications for pro-

atherogenic environments whereby increasing the availability of vasodilators may lead to 

an effective role of BFR and likely muscle contractions to augment post-ischemic vascular 

function. 

 

1.3 Muscle Contractions and Exercise; Acute Hemodynamics 

Blood flow is directed to the active muscle at the onset of exercise and may increase 

as much as 20-fold at maximal exercise relative to baseline.80 Muscle blood flow is 

primarily driven by changes in metabolism and increased demands for oxygen delivery 

as oxidative metabolism increases to meet ATP requirements. Blood flow to the active 

muscle (Blood flow = π • r2 • mean blood velocity) is facilitated by greater cardiac output 

increasing mean blood velocity and local vasodilation of macro- and micro-level arteries 

thereby increasing O2 and substrate delivery.81 In human subjects receiving electric 

muscle stimulation (EMS), blood flow is increased in the active but not contralateral limb 

in a dose-response relationship to the EMS intensity, indicating specificity of blood flow 

distribution.82 The ability to locally increase blood flow, and therefore O2 and substrate 

delivery, positions EMS to study the effects of different levels of delivery. Thus, EMS can 

be used in the absence of descending neural vascular control to independently study 

varying blood flow delivery. Delivery of substrates to muscle represents half of the 

substrate flux equation, the critical determination of net muscle metabolism. Muscle 

contractions by EMS are a powerful tool to increase and direct blood flow to tissues of 

interest with implications for whole muscle metabolism. 
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1.4 Microvasculature 

The microvascular circulation encompassing arterioles and their associated 

capillary units account for >95% of the entire circulation by surface area.83 Thus, the 

microcirculation plays a critical role in blood flow, blood pressure, oxygen exchange and 

metabolic regulation. Specifically, the skeletal muscle microvasculature represents an 

important area to study dynamic blood flow and pressure control since the muscle is 

capable of a large range in flow demand and changes to flow resistance. To support the 

muscle, microvascular networks are designed with functionally redundant architecture84 

and mechanisms85 facilitating increased blood flow, O2 and substrate delivery when 

needed, such as during muscle contractions. Signalling molecules responsible for this 

active hyperemia (NO, ATP, K+, CO2) originate from active muscle, competing with 

systemic vasoactive substances and direct innervation. The resultant situation of 

competitive vasoactives is best described by functional sympatholysis during active 

muscle contractions. Muscle contractions increase sympathetic nerve activity in all 

muscle vascular beds,86 signalling vasoconstriction, however, reduced blood flow is only 

observed in non-active muscle87 whereas local vasodilatory signals from active muscle 

override vasoconstrictor stimuli to facilitate increased flow.88,89 This intricate control of 

blood flow positions skeletal muscle microvasculature for acute regulation of blood flow 

delivery in the post-prandial state, where unlike exercise, systemically released hormones 

exert the largest influence. Of the relevant hormones, insulin is important to regulation 

and recruitment of the microvasculature, upregulating microvascular flow in as little as 

10min and in the absence of changes to limb blood flow.90,91 This insulin-specific effect is 

directly linked to control of skeletal muscle glucose uptake,60 which has significant 

implications for metabolic health as shown by the lack of an insulin responsive flow 

increase in obese individuals.92 Microvascular insulin resistance is dysfunctional and an 

early indicator of systemic insulin resistance during pre-diabetes.83 However, 

understanding of the specific modifiers of vascular control in response to metabolic 

hormones becomes muddled by physiological vs experimental study conditions and the 

subject’s cardiometabolic health status57 (Table 1). The oral glucose tolerance test 
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(OGTT) offers a robust method for assessing in vivo glucose control; however, it cannot 

control for gut absorption rates and release of gut incretins nor pancreatic insulin output, 

whereas experimental designs allowing infusion of glucose and/or insulin bypass gut 

uptake and control blood glucose and/or insulin concentrations (Table 2). Disparate 

microvascular findings occur when these methods of assessment are compared, showing 

reduced microvascular perfusion with OGTT93 and no changes or improvements when 

glucose is infused94,95 (Table 1). As a result of the skeletal muscle microvasculature’s 

functional susceptibility to metabolic challenges and its tight relationship with vascular-

metabolic coupling, preservation of function has significant implications in health and 

disease.
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Table 1.1: Select studies investigating acute hyperglycemia and vascular outcomes 

Study 

 

Study 

population 

Metabolic 

challenge 

Blood 

glucose 
response 

Blood 

insulin 
response 

Conduit artery 

blood flow 

Conduit artery 

diameter 

Microvascular 

flow 

Endothelial 

function (FMD) 

Kawano, 

199996 

Coronary 

artery patients 
57±1 years 

75g OGTT 8.5 mmol/L 

peak 
72.5 IU/ml 
peak 

Brachial  Brachial  n/a  

Title, 

200097 
Healthy adults 

48±17 years 

75g OGTT 7.9 mmol/L 

peak 
69.8 IU/ml 
peak 

Brachial  Brachial  n/a @120-180min  

Zhu, 

200728 

Healthy men 

22±3 years 
75g OGTT 7.4 mmol/L 

peak 
53.2 IU/ml 
peak 

Brachial 

@60min  

Brachial 

@60min  

n/a @60min 

 

Dengel, 
200798 

Healthy 
children 
11±0.4 years 

1.75 g/kg OGTT ~8mmol/L 
peak 

65 IU/ml 
peak 

n/a Brachial  n/a @120min  

Ceriello, 
200899 

Healthy adults 

50±3 years 

Hyperglycemic 
euinsulinemia 

10 or 15 
mmol/L 

n/a n/a n/a n/a 10 mmol/L:  

15 mmol/L:   

Weiss, 
2008100 

Healthy adults 

48±17 years 

MMC 534 kcal 
(101g CHO) 

~7.5 mmol/L 
peak 

~37 IU/ml 
peak 

n/a Brachial  n/a @60-120min  
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Loader, 

201526 

Systematic 

review and 
meta-analysis 

Primarily 75g 

OGTT 
- - - - -  in all 

populations 
across 
cardiometabolic 
continuum 

Russell, 
201893 

Healthy adults 

46±12 years 

50g OGTT vs 
MMC (41g 
CHO) 

OGTT: 8 
mmol/L peak > 
MMC: 5.5 
mmol/L peak 

~40 IU/ml 
peak 

No diffs 

Brachial 
@60min 

OGTT:  

MMC:  

Brachial 
@60min 

OGTT:  

MMC:  

@60min 

OGTT:  

MMC:   

n/a 

 

Parker, 
2020a,b1

01,102 

Healthy men 

27±3 years 

MMC 

10 kcal/kg 
(mean: 84.8g 
CHO) 

<8 mmol/L 
peak 

~60 IU/ml 
peak 

Femoral 
@60,120min 

 

Femoral 
@60,120min 

 

0min>60min> 

120min 

n/a 

Horton, 

202195 

Healthy adults 

25±4 years 

Euglycemic 

hyperinsulinemi
a (EH); 
Hyperglycemic 
hyperinsulinemi
a (HH) 

EH: ~5mmol/L 

HH: ~10 
mmol/L 

0.15 

IU/kg/min 

n/a n/a @240min 

EH:  

HH:  

@240min 

EH:  

HH:  

CHO; carbohydrate, OGTT; oral-glucose tolerance test, MMC; mixed-meal challenge, FMD; flow-mediated dilation, EH; 
euglycemic hyperinsulinemia, HH; hyperglycemic hyperinsulinemia.
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1.5 Glucose Metabolism 

1.5.1 Whole-body glycemic regulation 

Under normal conditions, a predictable response follows glucose ingestion for 

uptake and storage. Glucose is absorbed in the gut primarily via sodium-glucose co-

transporter 1 and glucose transporter type 2 and generally has very good 

bioavailability.103 The glycemic effect of glucose in foods is described by the glycemic 

index, quantifying the percentage of ingested glucose reaching the circulation, and varies 

based on food composition of simple to complex carbohydrates.104 Upon absorption and 

onset of hyperglycemia, a dose-dependent response is initiated in the pancreas to begin 

returning blood glucose back to baseline values. At the pancreatic beta-cell, presence of 

increased ATP from glucose metabolism, acetylcholine and gut-derived incretins each 

initiate signalling pathways involving Ca2+ dependent and independent mechanisms 

leading to secretion of insulin.105 Insulin is the paramount hormone determining the 

magnitude of the glycemic response and relies on tissue-level sensitivity, specifically 

skeletal muscle, to deposit circulating glucose. These processes are best investigated in 

humans during a hyperinsulinemic-euglycemic clamp whereby insulin concentration is 

maximized exogenously, and the rate and site of glucose deposition can be quantified. 

These experiments have revealed skeletal muscle as the primary tissue site of glucose 

deposition, responsible for 75-95% of whole-body glucose uptake.106 Upon binding to its 

receptor in skeletal muscle, insulin begins a complex cascade converging on Akt 

phosphorylation leading to movement of intra-cellular GLUT-4 transporters to the cell 

surface. With such an important role in whole-body glycemic regulation, skeletal muscle 

insulin sensitivity is critical to metabolic health in the absence of non-insulin dependent 

glucose uptake mechanisms. However, there does exist a separately responsive, 

contraction-dependent mechanism capable of translocating GLUT-4 in activated skeletal 

muscle.107 Contraction-dependent glucose transport rates are similarly effective to 

maximal insulin, acting independently and additively (or synergestically108) to insulin 

stimulation, suggesting the presence of separately responsive GLUT-4 pools in skeletal 

muscle.109 A differentiating effect of the insulin vs contraction-dependent GLUT-4 
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response is the effective time, as insulin tends to have a transient effect linked to the 

presence of insulin whereas contraction-dependent translocation can persist up to days 

following exercise, increasing insulin sensitivity.61,110 In summary, muscle contractions 

and insulin are both powerful stimuli capable of manipulating acute glycemic responses, 

which have significant implications for states of insulin resistance. 

1.5.2 Hepatic glycemic regulation 

Circulating glycemia is also subject to hepatic glucose metabolism, mediated by 

glucoregulatory hormones. The liver is responsible for both insulin-mediated storage of 

glucose as glycogen and production and release of glucose through glucagon-mediated 

glycogenolysis and gluconeogenesis.111 Following an oral glucose dose, approximately 

25-35% of ingested glucose is deposited in the liver as glycogen;112 however, the impact 

on resultant glycemia goes beyond glucose uptake as insulin secretion also signals 

inhibition of hepatic glucose production.113 Considering the impact of suppressing glucose 

production, the liver’s contribution to resultant glycemia following oral glucose dosing can 

be calculated to be as high as 65%.113 Suppression of hepatic glucose output is a key 

mechanism that insulin manipulates in the post-prandial period. Insulin stimulation of 

hepatocytes results in activation of Akt and reduction of intracellular cAMP concentration, 

activating glycogen synthase and inhibiting glycogen phosphorylase.111 Comparatively, 

insulin’s counterregulatory hormone, glucagon acts directly to increase cAMP 

concentration and contribute to glycogenolysis activation in the fasting state. However, 

hepatic glucose regulation also plays an important role during exercise and, importantly, 

it relates to both nutritional hormone release and support of muscle contractions. During 

light-intensity exercise, hepatic glucose production can nearly double within 5-15min of 

exercise onset, primarily attributed to reduced insulin and subsequent hepatic 

glycogenolysis.114 Hepatic glucose production in the early exercise period can also be 

stimulated by increases in circulating catecholamines, epinephrine and norepinephrine, 

however, their influence wanes as exercise progresses.114 In summary, hepatic regulation 

of whole-body glycemia is subject to glucoregulatory and catecholamine hormones and 

plays an important role both post-prandially and during exercise, 
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1.5.3 Insulin resistance 

Insulin resistance, a reduction in insulin-stimulated glucose transport is 

characterized by an individual’s inability to effectively clear hyperglycemia with 

physiological insulin concentrations. Insulin resistance is often diagnosed by an oral 

glucose tolerance test (OGTT) which measures the glycemic response to a known 

amount of glucose over a 120min period. An assumption of the OGTT is that insulin 

resistance will be apparent when hyperglycemia remains after a period of 120min. 

However, this methodology is not always indicative of the in vivo environment without also 

measuring the systemic insulinemic response, since early stages of insulin resistance will 

cause hyperinsulinemia to facilitate a normal glucose response. Hyperinsulinemic insulin 

resistance (pre-diabetes) is the result of a negative feedback loop signaling higher insulin 

secretion to facilitate glucose deposition due to a loss of insulin sensitivity, a cycle that 

chronically perpetuates hyperinsulinemia. Chronic hyperinsulinemia eventually leads to 

pancreatic fatigue and the onset of insulin-dependent hyperglycemia (type II diabetes). 

Despite the complications of insulin resistance primarily implicating the interaction of 

glucose and insulin metabolism, much of the underlying cause of insulin resistance has 

been attributed to excess fatty acids. With chronic positive energy balance, fatty acids 

accumulate in peripheral tissues, including skeletal muscle, forming reactive lipid species 

in the absence of sufficient energy demands. Reactive lipid species including 

diacylglycerols and ceramides disrupt the native insulin signalling pathway, representing 

the primary mechanism of peripheral insulin resistance.115,116 Thus, prevention of insulin 

resistance requires both reduced energy availability, to minimize accumulation of 

substrates, and management of glycemia, the intermediate stimulus for insulin secretion. 

However, the sensitizing and synergistic effect of contraction-dependent changes to 

glucose uptake and insulin sensitivity creates an appealing target that can be harnessed 

to treat insulin resistance. 
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1.5.4 Therapeutic targets for insulin resistance 

Given the importance of normal insulin sensitivity throughout the lifespan, 

strategies to preserve insulin sensitivity and/or manage insulin resistance to slow 

cardiometabolic disease progression is the target of many research programs. Some 

pharmaceutical strategies have shown considerable effectiveness, including metformin, 

however the benefits of lifestyle interventions including diet and physical activity remain 

superior, reducing the incidence of diabetes >25% more than metformin alone.117 

Additionally, insulin-sensitizing drugs such as metformin have weight-gain side-effects, 

an independent risk factor for metabolic disease whereas the side-effects of diet and 

physical activity intervention promote health by weight-loss and increased fitness. This 

highlights the need for lifestyle based interventions such as exercise; however, 

physiological and psychological barriers do exist for exercise compliance.118 Indeed, the 

energetic demands required for initiation of meaningful exercise in metabolically 

compromised individuals are often too large due to insufficient oxidative capacity.119 Thus, 

the need for alternative strategies to reach a level where meaningful exercise can be 

performed is necessary. One promising alternative strategy is the implementation of 

electric muscle stimulation (EMS). EMS causes involuntary, synchronous muscular 

contractions at a chosen frequency and intensity which can be manipulated based on the 

desired effects.120,121 In fact, there is compelling evidence for acute and chronic effects of 

EMS use in metabolic syndrome to ameliorate glycemia and insulin resistance by 

activating non-insulin dependent pathways. These EMS effects are related to a capacity 

to increase energy expenditure, acutely reduce post-prandial hyperglycemia and cause 

chronic improvements in glycemia and exercise capacity,122–127 making muscle 

contractions an attractive modality for study. 

1.5.5 Skeletal muscle carbohydrate metabolism 

The regulation of skeletal muscle metabolism during rest and exercise has been 

well-studied, highlighting modifiers of metabolism and acute regulation during exercise. 

At rest, skeletal muscle is mostly metabolically inactive, receiving little blood flow and O2, 



 

 

 

 

16 

deriving most energy needs from lipid oxidation. With the onset of exercise, skeletal 

muscle has the capacity to increase ATP turnover by 100-fold,128 via the phosphocreatine 

system, glycolysis, and oxidative phosphorylation pathways.129 During prolonged 

submaximal exercise of ~40-70% maximal oxygen consumption, skeletal muscle reaches 

a steady-state, oxidizing a combination of fatty acids and carbohydrates given their 

availability. The requirements to oxidize carbohydrates and fatty acids differ based on the 

stoichiometric input and output of O2 and CO2, as glucose oxidation has a 6O2:6CO2 ratio 

and palmitate oxidation produces a 23O2:16CO2 ratio. Given these known differences, 

the relative contributions of carbohydrate and fat metabolism can be measured by indirect 

calorimetry quantifying oxygen consumption (V̇O2) and carbon dioxide production 

(V̇CO2), producing the respiratory exchange ratio (RER).130 RER allows for acute analysis 

of the metabolic demand and substrate use across different exercise protocols since 

muscle contraction intensity and frequency will both alter metabolism, which may be 

relevant when exercise is targeting a particular substrate. For instance, when matching 

intensity of cycling exercise and lower-body EMS (HR and V̇O2 matched), RER is 

significantly elevated in the EMS condition indicating that EMS causes a greater 

carbohydrate usage than low-intensity cycling.122 These differences are likely due to the 

reversed activation pattern of involuntary vs voluntary muscular work, with EMS activating 

larger glycolytic fibres first and voluntary cycling activating smaller oxidative fibres at a 

low-intensity.  

RER is also affected by the availability of substrates without the presence of 

exercise. For example, following glucose ingestion, circulating glucose increases and 

fatty acids are suppressed, ultimately increasing rates of carbohydrate oxidation.101 

Tissue oxygenation also alters substrate metabolism. During circulatory occlusion, 

oxygen tension (pO2) decreases rapidly,71 causing GLUT-4 translocation72 and promoting 

carbohydrate specific metabolism by increasing the glycolytic and glycogenolytic rates.131 

When muscle contractions via EMS are superimposed onto occluded muscle, further 

decreasing muscle pO2, glycogenolysis is further increased.132 Thus, manipulation of 
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skeletal muscle substrate flux by targeting glucose use offers a potential pathway which 

could be exploited to help in glycemic management. 

1.5.6 Methods of glucose metabolism and/or insulin sensitivity assessment 

There are several different tests to assess glucose and insulin sensitivity in 

humans. The metabolic challenges described in table 2 have each been developed to 

address specific research questions or meet ecological validity and feasibility standards. 

Challenges also range in their invasive nature and associated risk, dependent on the 

population being studied, as individuals with compromised metabolic regulation (Type II 

diabetes) are more susceptible to complications. 

Researchers implementing metabolic clamp techniques where one variable is held 

constant to study the effects of a different variable, including the hyperinsulinemic 

euglycemic clamp, offer the highest level of experimental control and have been vitally 

important in our understanding of the metabolic and vascular actions of insulin. However, 

the hyperinsulinemic clamp creates a non-physiological in-vivo scenario causing supra-

physiological insulinemia without concomitant hyperglycemia, limiting the applicability of 

findings. The intravenous glucose tolerance test on the other hand, still infuses glucose 

directly but does not manipulate insulinemia, providing a challenge requiring physiological 

insulin responses and directly studying the effects of hyperglycemia. With both infusion 

based techniques, a key step in the physiological response to carbohydrate is by-passed 

in the gut, the site of absorption which has been implicated in post-prandial metabolic and 

vascular regulation.133,134 To address this important process, oral tolerance tests of 

glucose and mixed meals have been used, representing the most ecological relevance. 

The oral glucose tolerance test offers the greatest clinical applicability with low costs and 

clinical insight based on well-established dosing and cut-off values to diagnose metabolic 

complications. Recently, the applicability of these more physiological metabolic 

challenges have been discussed in comparison to the gold standard clamp techniques, 

highlighting the importance of competing gut-derived factors which may be mediating 

responses.57 Finally, the homeostatic model of insulin resistance (HOMA-IR) was 
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developed as a means to assess basal insulin sensitivity, offering another clinically 

applicable metric to categorize individual’s metabolic health.135 HOMA-IR is an important 

metric of basal insulin sensitivity; however, it is less useful when determining dynamic 

responses to a metabolic challenge and is often ignored when studying these types of 

responses. The breadth of metabolic challenges available forces the researcher to 

determine the specific aims of their research question and select the appropriate test. 

This is especially important currently as oral-based challenges offer the greatest 

ecological validity potentially overriding the experimental control of previously favoured 

infusion techniques. 
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Table 1.2: Comparison of different metabolic challenge techniques 

Metabolic 
challenge 

Glucose 
response 

Insulin 
response 

Pros Cons 

Hyperinsulinemic 
euglycemic 
clamp 

  Comprehensive 
assessment of whole-
body insulin sensitivity. 

Non-
physiological 
environment. 

By-passes gut 
pathways. 

Ignores effects 
of glycemia. 

Intravenous 
glucose 
tolerance test 

  Controlled increase in 
blood glucose. 

By-passes gut 
pathways. 

Oral glucose 
tolerance test 

  Physiological test 
involving whole-body. 

Well established with cut-
off values for disease. 

Large range in 
response 
magnitude 
between 
individuals. 

Mixed-meal 
challenge 

  Most ecologically valid 
metabolic test. 

Smallest 
magnitude 
response may 
mask changes. 

Homeostatic 
model of insulin 
resistance 
(HOMA-IR) 

  Well established cut-off 
values for disease. 

Measured without 
intervention. 

Not a dynamic 
response-
based 
measure. 
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1.6 Clinical Relationships 

The topics covered thus far primarily relate to the normal function of peripheral 

vasculature and systemic metabolism with consideration for mediating mechanisms and 

relevant interventions. Development of insulin resistance and vascular dysfunction are 

intrinsically linked to one another, each areas with clinical implications. In fact, vascular 

insulin resistance, a loss of the vasculature’s ability to respond to insulin’s normal 

vasodilatory effects, is one of the early markers of systemic insulin resistance and 

associated with endothelial dysfunction.64,65,136,137 Aberrant vascular insulin signalling 

impairs blood flow and delivery of substrates to tissues for deposition. Particularly, 

glucose uptake is attenuated leading to chronic systemic hyperglycemia, shown to impair 

vascular reactivity.26 Feedforward impairments in glucose uptake and systemic vascular 

function further conflate over time with step-wise decreases in macrovascular and 

microvascular endothelium-dependent function, coronary heart disease and ischemic 

stroke risk across worsening cardiometabolic disease (overweight … Type II 

diabetes).138,139 These impairments to endothelium-dependent function alone promote a 

pro-atherosclerotic and pro-inflammatory environment contributing to the development of 

hypertension, artery plaques and CVD at large.140 Despite its definitive link to vascular 

dysfunction, metabolic disease itself also presents a myriad of complications causing 

premature, preventable death.141 Thus, the increased prevalence of vascular dysfunction 

and metabolic disease across the world have inspired this work to provide additional 

prevention and treatment strategies aimed to improve health.  
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2 Statement of Problem 

2.1 Rationale 

Evidence suggests, hyperglycemia resulting from ingested glucose has short-term 

effects on vascular function and muscle metabolism. Post-prandial muscle contractions 

and blood flow restriction to the muscle both appear to be effective to manipulate blood 

flow following interventions and acutely preserve vascular function and glucose handling. 

Understanding the effectiveness of these interventions to acutely affect cardiometabolic 

function has important applications to preserving chronic vascular function and glucose 

control. 

Currently, the exact influence of muscle contractions, occlusion and their 

combination to individually, additively or synergistically affect post-glucose ingestion 

blood flow, vascular function and systemic glycemic regulation are unknown. 

2.2 Purposes 

1. Determine the individual and combined effects of blood flow restriction and EMS 

to affect post-prandial local and systemic vascular function. 

2. Determine the individual and combined effects of blood flow restriction and EMS 

to affect glycemic regulation and insulinemia during an oral glucose challenge. 

2.3 Hypotheses 

1. Vascular shear induced by cyclical BFR, and EMS will defend endothelial function 

and substrate delivery when faced with hyperglycemia resulting from ingested 

glucose. 

2. Local hypoxic and contractile properties of BFR and EMS will individually and 

synergistically increase carbohydrate specific oxidation leading to greater insulin 

independent glucose uptake, lowering hyperglycemic and hyperinsulinemic 

responses. 
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Individual contributions 

 

I (Jeremy Cohen) was responsible for obtaining ethics board approval, study preparation, 

participant recruitment in addition to data collection and offline analysis. During study 

days I was responsible for participant instrumentation, glucose dosing, ultrasound 

measures, blood sampling and technical troubleshooting. 

Megan Kuikman, Valerie Politis-Barber, Brienne Stairs and Alexandra Coates all assisted 

individually during a given study day; specifically by running cardiometabolic equipment, 

aiding in blood sample collection and leg movement during passive-leg movement tests. 

Valerie Politis-Barber and I also performed the ELISA experiments to determine blood 

insulin concentrations. 

I was responsible for initial data interpretation and manuscript drafting. Jamie Burr, Phil 

Millar, Megan Kuikman and Alexandra Coates assisted in manuscript preparation through 

oral discussions and formal written edits. 

All authors have contributed to final data interpretation and manuscript revision. 
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Abstract 

Background: Following glucose ingestion, glycemic regulation and vascular endothelial 

function are challenged. Muscle contractions promote proper function by increasing 

insulin-independent glucose uptake and blood flow. Muscle hypoxia also supports 

glycemic regulation by increasing glucose oxidation. Blood flow restriction (BFR) lowers 

muscle oxygenation during occlusion, and increases blood flow upon release via reactive 

hyperemia. Thus, the combination of electric muscle stimulation (EMS) and BFR offer 

both increased glucoregulatory and muscle perfusion potential. 

Methods: In 13 active participants (27±3yr, 7 female) we measured post-glucose (oral 

100g) glycemic, cardiometabolic and vascular function measures over 120min following 

four interventions: BFR, EMS, BFR+EMS or Control. BFR was applied at 2min intervals 

for 30min (70% occlusion), EMS was continuous for 30min (maximum-tolerable intensity).  

Results: Glycemic and insulinemic responses did not differ between interventions 

(partial η2=0.11-0.15, P=0.2); however, BFR+EMS caused ‘interval exercise-like’ effects 

on oxygen consumption, carbohydrate oxidation, heart rate, blood pressure and muscle 

oxygenation relative to all interventions (all P<0.01). Flow-mediated dilation was reduced 

60min post-glucose ingestion and recovered by 120min (5.9±2.6% vs 8.4±2.7%; 

P<0.001). Microvascular function was not meaningfully different. Leg blood flow was 

increased during EMS and BFR+EMS (+656±519ml•min-1, +433±510ml•min-1; P<0.001), 

however, only remained elevated in the BFR group (+94±94ml•min-1; P=0.02). 

Conclusion: Superimposition of EMS onto cyclic BFR did not preferentially improve post-

glucose metabolic or vascular function amongst young, active participants. Cyclic BFR 

increased blood flow delivery 60min beyond intervention, and BFR+EMS caused 

selective increases in carbohydrate usage and reduced muscle oxygenation with an 

interval-like effect.  
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3.1 Introduction 

Upon eating, glycemia will rise until the body mounts an appropriate homeostatic 

response to lower blood glucose. A consistently inadequate physiological response to this 

glycemic challenge is associated with the progression of cardiometabolic disease.142 

Skeletal muscle is responsible for ~85% of post-prandial blood glucose clearance and 

mediated by skeletal muscle blood flow, vascular function, insulin sensitivity and substrate 

oxidation.55,106 During a glycemic challenge, peripheral macrovascular and microvascular 

function, are acutely impaired in healthy individuals,26,93,138 which can in turn further impair 

glucose delivery, causing hyperglycemia. Development of chronic hyperglycemia 

exacerbates these effects and contributes to cardiometabolic disease progression,143 

highlighting the importance of acute defence strategies against hyperglycemia and 

vascular impairment. Increased carbohydrate metabolism, energy expenditure and 

insulin-independent glucose uptake occur with exercise, an effective strategy for 

mitigating acute hyperglycemic episodes and the related impairment in vascular 

function.28,44,144 However, there are barriers to meaningful exercise in clinical 

populations118 and exercise is physiologically dynamic, limiting study of the noted 

independent mechanisms of improvement. Passively manipulating these mediating 

mechanisms allows study of independent contributions and may be more accessible to 

clinical populations.  

Electrically stimulated muscle contractions (EMS) and occlusion-induced muscle 

hypoxia both passively model aspects of exercise and have the potential to improve post-

glucose vascular-metabolic coupling. Muscle contractions via EMS stimulate a robust 

increase in carbohydrate oxidation145,146 and lasting increases in insulin-independent 

muscle glucose uptake.147 The reversed activation pattern of EMS selectively activates 

type II fibers and depletes muscle glycogen to a similar extent as sustained voluntary 

contractions, contributing to greater glucose deposition.120,145,146,148 Metabolic demand 

delivered by EMS also drives sustained blood flow and arterial shear stress in the active 

limbs, which acts to preserve vascular function.44,46 Occlusion-induced muscle hypoxia 

also increases insulin-independent glucose uptake,72 and initiates a reactive hyperemic 
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response upon cuff release, peaking blood flow and arterial shear stress.51 A potent 

stimulator of muscle hypoxia is blood flow restriction (BFR), a technique shown to improve 

glucose uptake, endothelial function, artery diameter, and microvascular specific 

adaptations when combined with concomitant muscle contractions.79,149–152 Use of BFR 

has also been shown to acutely reduce the hyperglycemic response to glucose ingestion 

in healthy humans,153 yet the key contributing effect of BFR is still not understood. 

Additionally, the independent and combined cardiometabolic and muscle oxygenation 

effects of BFR and EMS have not been studied thoroughly following glucose ingestion. A 

combination of BFR+EMS may be an ideal technique to acutely and passively model the 

vascular and metabolic benefits of exercise to preserve post-glucose vascular-metabolic 

coupling. 

 

The purpose of our study was to evaluate the effect of passive manipulation of 

muscle blood flow, shear stress and oxygenation to alter vascular and metabolic 

regulation following a glucose challenge. It was hypothesized that muscle hypoxia and 

reactive hyperemic shear stress by BFR would increase carbohydrate oxidation and 

preserve local microvascular function. Meanwhile, EMS will increase carbohydrate 

oxidation, insulin independent muscle glucose uptake, lowering glycemia and create a 

sustained shear stress preserving vascular function. The combination of BFR+EMS will 

interact additively to augment carbohydrate oxidation and arterial shear effects, optimally 

reducing glycemia and defending vascular function. 

 

3.2 Methods 

Participants 

Thirteen young (<40yr) healthy participants free from a diagnosed cardiovascular, 

musculoskeletal or metabolic disease were enrolled in the study. Health status was 

confirmed by completion of health history and physical activity readiness questionnaires. 

Participants were normotensive, normoglycemic, non-smokers, and not taking any 

medications or supplements known to alter glucose metabolism and/or hemodynamics. 
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Females were normally menstruating (n=6) or taking an oral contraceptive pill (n=1) and 

self-reported current menstrual phase and cycle length. The study protocol was approved 

by the institutional human research ethics committee and all participants provided written 

informed consent prior to participation. 

 

Insert Table 1 here 

 

Study design 

Participants refrained from exercise and alcohol for 24h, as well as food and 

caffeine for 12h prior to each visit. Visits began at the same time of day for each 

participant (0700-1000) and were separated by >48h and <7d. At each visit, baseline 

vascular and metabolic measures were collected before ingestion of a 100g glucose 

beverage (400mL Trutol, Thermo Fisher, USA). Immediately following glucose ingestion, 

participants began one of four 30min interventions: Control, BFR, EMS, BFR+EMS. Study 

visits followed a randomized cross-over design. A graphical representation of intervention 

protocols and measurement timing is presented in Figure 1. 

 

Insert Figure 1 here
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Figure 1: Study procedures and design (A) and detailed interventional protocol (B).  
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Blood flow restriction 

Participants were fitted with an 11cm wide pneumatic cuff (Delfi Medical, Canada), 

at the proximal thigh on both legs. The lowest effective occlusion pressure was 

determined while supine using the Delfi system and 70% of this value (mean pressure: 

137±14mmHg) was used for all BFR treatments. BFR was applied cyclically, first for one 

4min period, followed thereafter by six repeated 2min occlusion: 2min reperfusion cycles 

to emphasize a reactive hyperemic response. 

 

Electric muscle stimulation 

Bilateral quadriceps muscle stimulation was delivered using constant current 

stimulator (DS7AH, Digitimer, UK) following a continuous duty cycle 5s on: 5s off set to 

5Hz and 200µs pulse width at the participant’s maximal tolerable intensity (mean: 

117±30mA) for 30min. Stimulation intensity was determined at the first EMS visit and 

maintained for the subsequent EMS condition. 

 

Hemodynamics 

Brachial blood pressure was measured at baseline using an automated 

oscillometric system (BpTru, Canada). Continuous hemodynamic variables (blood 

pressure and heart rate) were measured at baseline, throughout the 30min intervention 

period and during each passive-leg movement (PLM) test using finger 

photoplethysmography and recorded in LabChart (ADInstruments, USA). 

 

Flow-mediated dilation 

Flow-mediated dilation (FMD) was measured in the right brachial artery at 0, 60, 

and 120min timepoints. Duplex ultrasound (Vivid I, GE Healthcare, USA) with a linear 

array probe (8L-S, GE Healthcare) was used throughout a 1min baseline, 5min circulatory 

occlusion (220mmHg) and 3min recovery. B-mode imaging (13MHz) and Doppler velocity 

(5MHz) signals were collected continuously and kept consistent (insonation angle always 

<60o, brachial landmarking) across FMD tests within-participant. All offline analysis was 
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performed by the same blinded observer using semi-automated software (Cardiovascular 

Suite, Quipu, Italy). Pre-testing between-day (4 visits) coefficient of variation for peak 

diameter was 3.3% within-participant. 

Artery diameter, mean blood velocity, and shear rate were calculated in 3s time bins as 

previously described.154 The percent change in diameter from baseline to peak diameter 

determined FMD. Shear rate area-under the curve (AUC) during the first 60s of reactive 

hyperemia (SR60AUC) was calculated as the sum of 3s time bins. 

 

Passive-leg movement 

While the participant lay supine, the right common femoral artery (CFA) was 

imaged 1-2cm proximal to the bifurcation of superficial and deep femoral arteries. 

Following 60s of baseline, the lower-leg was moved by the researcher through a ~90o 

range-of-motion at 60movements•min-1 for 60s, with continuous blood velocity 

measurement. Data was processed in 3s time-averaged bins, with the exception that 

baseline CFA diameter was applied throughout, following current guidelines.31 Blood flow 

through the CFA is described as leg blood flow (LBF) (ml•min-1) and LBF AUC during 60s 

of PLM (LBF60AUC) was calculated as the sum of 3s LBF time bins. 

 

Muscle oxygenation and tissue saturation 

Muscle oxygenation was measured continuously via near-infrared spectroscopy 

(Portamon, Artinis, Netherlands) and used to calculate tissue saturation index (TSI). To 

measure oxygenated (OxyHb) and deoxygenated (DeoxyHb) hemoglobin and myoglobin 

(Mb), the near-infrared spectroscopy monitor was placed over the vastus lateralis muscle 

at ~50% femur length. A physiological calibration was completed at each visit by 

occluding (120% LOP) for ~10min followed by reactive hyperemia to set the device 

operating range.155  

TSI was estimated as: ([OxyHb+OxyMb]) • ([OxyHb+OxyMb]+[DeoxyHb+DeoxyMb])-1. 

Data is expressed relative to the physiological range as a % of range. The within-

participant coefficient of variation for absolute maximum and minimum TSI values used 

to create the physiological range were 4% and 12% respectively. Each participants’ tissue 
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thickness was measured using B-mode ultrasound to ensure adequate device penetration 

depth.155 

 

Indirect calorimetry 

Minute ventilation (V̇E), oxygen consumption (V̇O2), carbon dioxide production 

(V̇CO2) and the respiratory exchange ratio (RER) were calculated from open-circuit 

spirometry (Quark CPET, Cosmed, Italy). Measures were collected during baseline, 

throughout the 30min intervention period and at 90 min post glucose. These outputs were 

used to calculate carbohydrate and fat oxidation rates (g•min-1). 

 

Glucose and insulin bioassays 

Capillary blood glucose and insulin concentrations were assessed via finger 

capillary sampling at 0, 15, 30, 45, 60, 90, and 120min. The glucose concentration was 

determined immediately via a handheld glucometer (Verio Reflect, OneTouch, 

Switzerland). At 0, 60, and 120min an additional 100µL of blood was collected into sterile 

0.5mL Eppendorf tubes. Serum was stored at -80oC until later analysis of insulin 

concentration. Insulin concentration was assessed using a commercially available 

enzyme-linked immunosorbent assay (Lot# 08288, ALPCO, USA). Serum samples were 

run in duplicate, and absorbance values measured on a microplate reader. Curve fitting 

of standards showed excellent plate reliability: R2>0.994. Basal glucose and insulin 

concentrations were used to assess insulin sensitivity via the homeostatic model 

assessment for insulin resistance (HOMA-IR) as previously described.135 

 

Statistics 

Data were analyzed using a two-way repeated-measures analysis of variance 

(intervention x time) for each outcome measure. When a significant main effect was 

found, Bonferroni corrected post-hoc tests were performed to identify differences. Partial 

η2 measures of effect size are reported for specific main effects (Time, Intervention, 

Interaction). All statistical analyses were conducted using SPSS v.28 (SPSS Inc., USA) 

with an α of ≤0.05. Data is presented as mean±SD. 
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Figure 2: Metabolic control variables in each intervention over 120 min post-glucose for blood glucose (A), blood insulin 

(B), glucose AUC (C) and insulin AUC (D). Dashed vertical lines demarcate time which interventions were applied. Points 

show mean±SD (A, B), Bars show mean±SD and individual data; n=13. * P<0.05 effect of time vs 0 min. 

0 15 30 45 60 90 120
4

6

8

10

12

Time (min)

B
lo

o
d
 g

lu
c
o
s
e
 (

m
m

o
l. L

-1
)

Time              P<0.001
Intervention.  P=0.9
Interaction.    P=0.15

*

Control BFR EMS BFR+EMS
600

700

800

900

1000

1100

1200

Intervention

G
lu

c
o
s
e
 A

U
C

 (
m

m
o
l. L

-1
. m

in
-1

)

Intervention.  P=0.9

0 30 60 120
0

20

40

60

Time (min)

B
lo

o
d
 in

s
u
lin

 (
m

IU
. m

L
-1

)

Time              P<0.001
Intervention.  P=0.4
Interaction.    P=0.2

* Control

BFR

EMS

BFR+EMS

Control BFR EMS BFR+EMS
0

2000

4000

6000

8000

Intervention

In
s
u
lin

 A
U

C
 (

m
IU

. m
L

-1
. m

in
-1

)

Intervention.  P=0.3

A B

C D



 

 

 

 

33 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Indices of brachial artery flow-mediated dilation following acute interventions, expressed as percent change in 

diameter (A) and normalized to SR60AUC (B). Dashed vertical lines demarcate time which interventions were applied. 

Points show mean±SD; n=13. * P<0.05 effect of time vs 0 min and 120 min. 
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Figure 4: Baseline shear rate in brachial (A) and common femoral (B) arteries at select time-points post-glucose. Dashed 

vertical lines demarcate time which interventions were applied. Points show mean±SD; n=13. * P<0.05 effect of time vs 0 

min.  
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Figure 5: Outcome measures of passive-leg movement testing in the common femoral artery showing area-under the 

curve leg blood flow for 60s of movement (A) and peak leg blood flow during movement (B). Dashed vertical lines 

demarcate time which interventions were applied. Points show mean±SD; n=13. * P<0.05 EMS intervention vs 0 min. 
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Figure 6: Measures of skeletal muscle oxygenation during the intervention period expressed relative to a physiological 

range for oxygenated hemoglobin (A), deoxygenated hemoglobin (B), tissue saturation index (C) and total hemoglobin 

(D). Grey boxes indicate the time which cuffs were inflated during BFR and BFR+EMS interventions. Points show two-

minute mean±SD; n=11. 
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Figure 7: Cardiorespiratory variables during the intervention period showing oxygen consumption (A), respiratory 

exchange ratio (RER), heart rate (C) and mean arterial pressure (D). Grey boxes indicate the time which cuffs were 

inflated during BFR and BFR+EMS interventions. Points show two-minute mean±SD; n=13. Error bars have been omitted 

for heart rate to facilitate fidelity of 5 s measurements. 
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Table 3.3: Participant characteristics 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data represented as Mean±SD. BMI; Body Mass Index, SBP; Systolic blood pressure, DBP; Diastolic blood pressure, 

HOMA-IR; Homeostatic model assessment of insulin resistance. 
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Table 3.4: Vascular metrics obtained from brachial artery flow-mediated dilation test, common femoral artery and central 
hemodynamics 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data represented as Mean±SD; n=13. Shear rate60AUC; Shear rate area-under-curve during 60s of reactive hyperemia, SBP; 

Systolic blood pressure, DBP; Diastolic blood pressure, HR; Heart rate. * P<0.05 vs 0 min. # P<0.05 vs 40 min. 
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3.3 Results 

 Every participant completed all interventions without adverse event. Two female 

participants’ muscle oxygenation data were removed due to weak signals corresponding 

with tissue thickness >1.0cm.155 

 

Insert Figure 2 here 

 

Metabolic findings 

Ingestion of 100g oral glucose increased blood glucose in all conditions at all time 

points past baseline (partial η2=0.54, P<0.001), with no differences between interventions 

at any timepoint (partial η2=0.15, P=0.15; Fig. 2a) or by 120min AUC (partial η2=0.01, 

P=0.9; Fig. 2c). Blood glucose peaked at 45 min (mean: 9.0±1.4mmol•L-1) in CON, EMS 

and BFR+EMS interventions. However, the BFR intervention peaked at 30 min and 

9.3±1.5mmol•L-1), and when AUC was examined for the first 30 min, during the 

intervention period only, BFR had a significantly greater AUC than the EMS condition 

(partial η2=0.27, P<0.01). No differences by intervention were apparent in glucose AUC 

over the 30-120 min period (all P=0.5). Blood insulin significantly increased from baseline 

at 60min (351±197%) and 120min (241±78%) (partial η2=0.66, P<0.001), with no 

differences between interventions at any timepoint (partial η2=0.11, P=0.2; Fig. 2b) or by 

120min AUC (partial η2=0.1, P=0.3; Fig. 2d). 

 

Insert Figure 3 here 

Insert Table 2 here 

 

Systemic vascular function 

FMD was significantly reduced 60min post-glucose compared to baseline and 

120min (partial η2=0.47, P<0.001). Addition of BFR, EMS or the combination thereof did 

not alter this effect, despite trending toward BFR and BFR+EMS dependent recovery at 

120min with medium effect size, likely indicating a lack of statistical power 
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(partial η2=0.13, P=0.1; Fig. 3a). A trend for BFR and BFR+EMS dependent 

improvements is supported by significant effects when the groups are pooled. Alterations 

in FMD were mirrored by changes in brachial artery peak diameter (partial η2=0.58, 

P<0.001; Table 2) and the absolute change in diameter (partial η2=0.48, P<0.001; Table 

2). However, when FMD was normalized to the eliciting shear stimulus, only the 120min 

time point was significantly increased compared to 0min (partial η2=0.35, P=0.01; Fig. 

3b), explained by reduced SR60AUC at 60 and 120min time points (partial η2=0.41, P<0.01; 

Table 2). 

 

Insert Figure 4 here 

Insert Figure 5 here 

 

Leg blood flow and passive-leg movement 

Leg blood flow during the 30min intervention was reduced with Control (-

82±83ml•min-1) and BFR (-87±85ml•min-1) whereas EMS (+656±519ml•min-1) and 

BFR+EMS (+433±510ml•min-1) significantly increased relative to baseline 

(partial η2=0.59, P<0.001; Table 2). Only EMS blood flow remained elevated at 40 min 

post-glucose ingestion (+97±80ml•min-1), and only BFR had blood flow significantly 

greater than baseline at 90min (+94±94ml•min-1) (partial η2=0.19, P=0.02; Table 2). Blood 

flow effects persisted for vascular conductance (partial η2=0.19, P=0.02) but not femoral 

shear rate (partial η2=0.26, P=0.3), due to confounding influence of increased CFA artery 

diameter 90min post-glucose (partial η2=0.24, P=0.04; Table 2). 

Passive-leg movement assessed by LBF60AUC showed a significant effect for 

increased flow capacity at 40min in the EMS condition (partial η2=0.19, P=0.02; Fig. 5a), 

however, the effect was abolished when subtracting baseline LBF (partial η2=0.06, P=0.5) 

or when considering peak LBF during PLM (partial η2=0.15, P=0.1; Fig. 5b). 

 

Insert Figure 6 here 
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Tissue oxygenation 

During BFR application cycles, TSI and OxyHb were significantly decreased 

compared to the control condition (partial η2=0.89, P<0.001 and partial η2=0.32, P=0.02, 

respectively; Fig. 6a,b). TSI and OxyHb were further decreased (TSI: 37±15% of range, 

OxyHb: 42±17% of range) during BFR+EMS, compared to all conditions and remained 

decreased relative to Control and BFR conditions during re-perfusion phases. DeoxyHb 

increased during BFR occlusion compared to baseline and control (partial η2=0.83, 

P<0.001; Fig. 6b) and was further increased by BFR+EMS (mean: 75±12% of range). 

DeoxyHb was similar between EMS and BFR+EMS conditions (33±18% of range vs 

37±19% of range) during the reperfusion phases yet elevated compared to Control or 

BFR alone. An increase over time was observed for totalHb in all conditions from baseline 

to 30min (partial η2=0.56, P<0.01; Fig. 6d), increasing 80±3% compared to baseline. 

 

Insert Figure 7 here 

 

Cardiorespiratory variables 

V̇O2 increased similarly during EMS and BFR+EMS re-perfusion phases (V̇O2: 

460±146ml•min-1 and 454±118ml•min-1; partial η2=0.75, P<0.001). During BFR 

application phases, V̇O2 was suppressed in the BFR+EMS intervention relative to EMS 

alone (-112±75ml•min-1; P<0.01; Fig. 7a). The observed differences in V̇O2 were entirely 

driven by V̇E (partial η2=0.68, P<0.001), no significant differences were observed for 

expired O2 (nor CO2) fractions. The RER increased from baseline to 30min in all 

conditions (partial η2=0.35, P<0.001; Fig. 7b); however, only the BFR+EMS condition was 

significantly greater than all other interventions (mean: +20±16%; partial η2=0.5, 

P<0.001). There were no differences between groups for any ventilatory measures at 

90min post-glucose. 

During the intervention phase, mean arterial pressure was increased in all 

conditions (mean: +16±9mmHg; partial η2=0.56, P<0.001; Fig. 7d), while the greatest 

change was observed during the BFR application phases of BFR+EMS (mean: 

+23±15mmHg; P<0.01 vs other conditions). Heart rate during EMS and BFR+EMS 



 

 

 

 

43 

conditions was notably increased during the BFR re-perfusion phases (mean: 

+15±5beats•min-1 and +15±6beats•min-1; partial η2=0.18, P=0.02; Fig. 7c). During EMS, 

heart rate remained consistently elevated throughout, however, BFR+EMS showed 

significant variation, decreasing immediately upon occlusion then rising and superseding 

EMS immediately upon cuff release. Following control and BFR, heart rate increased a 

mean 2±2beats•min-1. 

 

3.4 Discussion 

Use of BFR, EMS, nor BFR+EMS preferentially improved post-glucose vascular 

function nor reduced the glycemic or insulinemic response to oral glucose in healthy, 

active individuals. Null outcomes are primarily attributed to small effect sizes and 

resilience to functional impairments in young, active individuals. Nonetheless, we propose 

a fundamentally sound ‘interval-like’ strategy for lowering post-prandial glucose and 

optimizing vascular outcomes, evidenced by increased blood flow and carbohydrate 

specific metabolism related to cyclic shear stress and reduced muscle oxygenation. 

 

Metabolic control 

Blood glucose and insulin responses to 100g glucose ingestion were repeated 

under four conditions designed to affect the acute metabolic response. In contrast with 

previous studies in both healthy and diseased populations,125,126,156,157 EMS did not 

depress post-glucose glycemic and insulinemic responses. Lower-body EMS specifically 

increases muscle glycogen use146 and the rate of exogenous glucose disposal,122,147 yet 

these effects were not observed in our outcome measures. This could be due to studying 

physically active participants, who already had high insulin sensitivity or an insufficient 

stimulation intensity. It has been shown previously that a light exercise stimulus has a 

smaller effect on post-glucose glycemia in individuals with high cardiorespiratory 

fitness.158 Thus, it is conceivable that our study participants, who were completing 

366±184min•wk-1 of moderate-vigorous activity (2.5x above current activity guidelines159) 

were too fit to manifest EMS-dependent responses. In agreement with insufficient 
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stimulation intensity was a lack of difference in insulin response, suggesting insignificant 

contraction-mediated glucose uptake or compensatory increases in hepatic glucose 

production in the early post-glucose period. Hepatic glucose production ahead of oral 

glucose absorption may have acted to support muscle contractions in active participants 

capable of greater hepatic glucose production.160 Interestingly, blood glucose peaked 

sooner during BFR, potentially due to increased catecholamines associated with blood 

flow occlusion161,162 rather than hepatic glucose production, yet during BFR+EMS the 

response was neutralized. This finding is supported by significantly reduced muscle 

oxygenation during BFR+EMS activating greater glucose transport causing the observed 

augmentation in carbohydrate oxidation reliance at the onset of BFR+EMS. Given the 

observed influences of BFR and EMS independently and the supporting evidence during 

BFR+EMS, use of BFR+EMS may accelerate peripheral carbohydrate oxidation when 

applied closer to the glycemic peak.  

Recently, Horiuchi and Thijssen,153 observed a glucose-lowering effect of ischemic 

preconditioning prior to 75g glucose ingestion in inactive participants. The authors 

suggested the effect may have been mediated by increased blood flow or upregulation of 

AMPK activity, however with our data using a BFR protocol designed to increase blood 

flow it appears the effect may be related to glucose metabolism, rather than glucose 

delivery. We are unable to compare insulin responses as these were not measured by 

Horiuchi and Thijssen, however, our lack of differences in insulinemic responses suggests 

glycemic lowering effects of BFR are neither glucose nor insulin delivery dependent. 

Effects may be related to higher occlusion time and intensity, activating AMPK-dependent 

glucose metabolism. Previous investigations demonstrating an AMPK activating effect of 

BFR used 5min cycles of 100% occlusion,73,163 compared to 2min cycles at 70% occlusion 

presently. Thus, the exact influence of participant fitness, occlusion intensity and EMS 

protocol timing on post-glucose metabolic control should be considered. 

 

Vascular control 

Brachial vascular function demonstrated an expected reduction in FMD 60min 

following glucose ingestion, thought to be related to reduced nitric oxide (NO) 
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bioavailability and shear rate during hyperglycemia.26 Baseline shear and shear rate60AUC 

were significantly reduced over time, abolishing the reduced FMD when normalized to the 

eliciting shear stimulus. However, despite similarly reduced shear rate 120 min post-

glucose, normalized FMD still recovered over time. The observed hyperglycemic FMD 

impairment likely relates to reduced NO bioavailability as previously suggested,26 since 

FMD still recovered with a reduced shear stimulus. No group differences were observed 

for the eliciting shear stimulus, however, a trending effect 120min post-glucose for 

superior FMD in BFR and BFR+EMS interventions was observed, potentially indicating 

greater recovery of NO bioavailability following cyclic peripheral occlusion. Indeed, 

repeated occlusion increases NO production capacity164 and confers a protective humoral 

effect mediated by prostacyclin formation,79 implicated in the FMD response.165 

Therefore, despite no interventional differences in blood glucose or insulin, an interaction 

effect of cyclic occlusion via BFR may contribute to FMD hyper-compensation without 

increased shear rate.  

Shear rate has acute protective effects against vascular impairment,45,46,144 and 

importantly we evaluated this theory using both cyclic reactive hyperemia (BFR) and 

continuous hyperemia (EMS). By design, CFA blood flow and shear rate were significantly 

increased during EMS and BFR+EMS interventions, and both had similar LBF 10min 

following the respective intervention. However, this was a transient effect of prior 

contractions as only the BFR intervention had significantly elevated blood flow and 

vascular conductance 60min following interventions. Thus, BFR up-regulates local blood 

flow delivery, indicating superior post-glucose vascular reactivity which may be relevant 

in populations where post-glucose skeletal blood flow is limiting.63  

Accompanying resting macrovascular findings, PLM was used to measure 

microvascular flow capacity.31,36 Significant increases in PLM outcomes of LBF60AUC were 

seen in the EMS group 10min following intervention, however, the effect did not exist for 

peak flow nor when controlling for baseline blood flow. It has recently been noted that an 

increase in baseline flow leads to an attenuated response in PLM, especially when 

directed through the deep femoral artery.41 In our case, EMS of the quadriceps would 

direct blood supply to the exercising muscle via the deep femoral artery, potentially 
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attenuating our observed PLM response. Nonetheless, this represents the first use of 

PLM during an acute interventional study design and offers insight on the PLM response 

to glucose ingestion, demonstrating no differences under control conditions. Additional 

research is necessary to confirm this finding and validate PLM’s sensitivity as an acute 

vascular function assessment since more robust microvascular measures have noted 

reduced function following a metabolic challenge.93,102 Taken together, cyclic BFR but not 

continuous EMS increased blood flow that persisted beyond the immediate stimulus but 

did not confer substantial benefits to local or systemic vascular function during a glucose 

challenge in healthy, active participants. 

 

Acute intervention 

The use of BFR+EMS is becoming increasingly widespread with applications 

spanning muscle hypertrophy, musculoskeletal rehabilitation and vascular recovery 

fields;151,154,166–169 however, the acute cardiometabolic and muscle oxygenation 

responses are yet to be characterized. Continuous monitoring offered resolution to 

observe amplified responses in TSI, RER and MAP during BFR+EMS relative to other 

interventions. Consistently reduced TSI primarily by greater DeoxyHb, during BFR cycles 

indicated a more hypoxic intramuscular environment. Reduced muscle oxygenation and 

the associated oxidative stress during BFR contractions has been linked to mitochondrial 

proliferation and greater leg glucose uptake during dynamic exercise,149,170 which may 

hold clinical relevance. Supporting greater glucose use during BFR+EMS, we observed 

a significantly increased RER in the early intervention period, noting greater reliance on 

carbohydrate oxidation during BFR cycles. Importantly, elevated RER occurred 

immediately at intervention onset before ingested glucose began influencing RER 

(~15min during control), indicating a BFR+EMS specific effect resulting in 2.5-fold greater 

carbohydrate oxidation relative to control over the 30min intervention period. Observed 

increases in RER during BFR+EMS were also independent of increased V̇O2 (and V̇CO2), 

which decreased during BFR cycles as active muscle input to indirect calorimetry was 

occluded and upon release V̇O2 (and V̇CO2) returned to similar levels as EMS alone. This 

dynamic pattern was also present in HR and MAP due to the additional influence of 
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sympathetic metaboreflex activation during BFR+EMS, however, increased MAP 

resolved to a similar level as other interventions after 30min. Overall, BFR+EMS toggles 

the relative muscular and cardiovascular work with an ‘interval-like’ effect which may offer 

benefit over steady work in EMS alone. The exact differences in physiological outcomes 

of constant workload versus matched-workload interval exercise are trivial but likely offer 

similar adaptations,171 however here we offer an ‘interval-like’ strategy for increasing 

carbohydrate oxidation and vascular shear rates with a lower myocardial workload, which 

may have clinical implications. 

 

Limitations 

There are limitations to our study that should be considered in the interpretation of 

results. Firstly, our population was both young and physically active, with most 

participants engaging in structured exercise. This may have hindered the effect size of 

our interventions as previously noted,158 despite causing intended immediate 

cardiometabolic effects. The exact EMS intensity relative to a maximal voluntary 

contraction was not measured, instead a maximal tolerable intensity was selected, and 

thus this stimulus varied between participants. However, the V̇O2 response elicited by 

EMS was still similar to investigations using ~10% maximal voluntary contraction and 

demonstrating increased glucose disposal with EMS.122 Finally, the influence of menstrual 

phase on post-glucose vascular function and substrate oxidation should be considered 

since menstrual phase was not controlled in this study. Female participants self-reported 

their menstrual phase and no clear effect of phase on any outcome variable was 

observed, aligning with specific investigations of menstrual phase on our outcome 

variables.12,172,173 

 

Conclusion 

In conclusion, we show for the first time, superimposing muscle contractions onto 

BFR does not preferentially improve post-glucose metabolism nor vascular function 

relative to control or individual BFR and EMS conditions in young, active individuals. 

BFR+EMS selectively increased carbohydrate oxidation and reduced muscle 
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oxygenation with interval-like effects, whereas only cyclic BFR kept leg blood flow 

increased 60min following intervention, however, these effects did not manifest to 

differences in outcomes of glucose, insulin and macrovascular or microvascular function. 

We also report the first usage of the PLM technique as a measure of acute changes in 

post-glucose vascular function. Future investigation should consider use of BFR+EMS 

under different experimental conditions with metabolically compromised populations to 

ascertain its potential clinical use. 
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4 Discussion 

The following section provides an extended discussion of study findings, limitations 

and future directions in context with current literature which falls outside the scope of the 

prepared manuscript. 

4.1 Findings 

The timing of an exercise intervention relative to a metabolic challenge is important 

in determining the subsequent glycemic and insulinemic responses. Independently, 

exercise or food ingestion cause divergent neural, hormonal and molecular changes 

supporting a ‘fight or flight’ or ‘rest and digest’ environment. Imposing these environments 

onto each other can affect outcomes, specifically glycemia,174 which was relevant to the 

design of the current investigation. We elected to initiate both exercise and metabolic 

challenges at the same time with the intent of activating insulin-independent glucose 

transport mechanisms in skeletal muscle at the onset of hyperglycemia. In principle, 

increasing the density of GLUT-4 transporters at the time of increased glucose delivery 

should reduce the peak insulinemic and glycemic responses. However, at onset of muscle 

contractions there are energetic demands not being met by dietary substrate delivery. 

Therefore, other pathways must be activated to provide the requisite energy, specifically 

hepatic glucose release. Indeed, during fasted low-intensity exercise, hepatic glucose 

production will be activated quickly (<10min) and maintained in the absence of exogenous 

carbohydrate.175 Fasted exercise also produces a robust increase in insulin sensitivity for 

hours-days after exercise,176,177 after hepatic glucose production has returned to normal. 

Thus, if the goal is to use muscle contractions to blunt acute hyperglycemia due to 

exogenous glucose, exercise should begin hours before or shortly after glucose dosing. 

This will either activate glucose transport machinery and increase insulin sensitivity but 

allow hepatic-induced glycemic increases to resolve or activate increased glucose 

transport during hyperglycemia when hepatic glucose production is inhibited. Neither of 

these scenarios were utilized in the present design and hepatic glucose production may 
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have contributed to the observed lack of differences in glycemic or insulinemic responses 

with EMS intervention. 

The study population characteristics influencing intervention effect size have 

already been discussed, however, further consideration of activity status relative to the 

intervention stimulus is warranted. Exercise training significantly increases GLUT-4 

content within skeletal muscle, relative to untrained controls178 and exercise-induced 

increases in GLUT-4 content can persist up to 3 days after exercise cessation.179 In our 

stipulated restrictions, participants were asked to refrain from exercise for 24h prior to any 

testing day. Participants also reported exercising at a moderate-vigorous intensity 

4.8±1.8d•wk-1, therefore it is likely increased GLUT-4 membrane density persisted during 

any given study visit and lowered the intervention-specific increase. Additionally, 

participants were accustomed to exercise involving large muscle mass with high energetic 

demands, therefore the relative intensity of these interventions was much lower than for 

an individual not normally exercising. The relative intensity is important in determining the 

metabolic response as lower relative demands can be met more easily in trained 

individuals.158 Thus, it is plausible that application of this intervention in a less active 

population would produce greater effect sizes due to a higher relative intensity and 

relative increases in glucose transport capacity. 

An additional consideration to be made is the relative glucose dose used. We 

standardized a 100g oral glucose dose with the intent of saturating gut glucose transport 

in all participants, resulting in a dose range of 1.06-1.95g•kg-1. When only 1g•kg-1 is 

delivered orally with radio-tracing, only ~73% is recovered in the systemic circulation over 

a 3.5h period,112 therefore, it is likely that gut glucose transport was adequately saturated 

in all participants regardless of relative dose. This was confirmed by examining the 

relationship between glucose and insulin AUC under control conditions and relative 

glucose dose, showing no relationship (both R2=0.01). This confirms that a lack of 

differences in outcome variables was not due to submaximal glucose absorption in any 

participants. However, the confounding influence of gut incretin secretion in response to 

glucose dosing should be considered. Glucagon-like peptide-1 (GLP-1) is secreted in a 
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dose-dependent fashion in response to dietary carbohydrate, continuing to increase 

following >3g•kg-1 glucose doses in rats180 and following increasing meal sizes with >125g 

carbohydrate in humans.181 GLP-1 has also been shown to increase microvascular 

recruitment in humans,182 thus a potential interaction of GLP-1 concentration and 

microvascular function may have been present in our participants given the range of 

glucose doses. Though, we are not able to specifically test this hypothesis due to limited 

microvascular measurement sensitivity with PLM. 

The relevance of incretins in the context of this investigation also pertains 

macrovascular function. The impact of oral hyperglycemia on impaired macrovascular 

function has been studied extensively,26 however new data has shown improved 

macrovascular function following intravenous hyperglycemia with insulin suppression.95 

This finding is contradictory to classical understanding and suggests that glucose may 

improve macrovascular function and there is an unknown gut-specific factor causing 

impairments, of which incretins have been proposed. GLP-1 does have noted NO-

dependent vasodilatory effects, acting through GLP-1 receptors of the vascular 

endothelium.183 Thus, it appears that when vasorelaxants induced by GLP-1 and insulin 

are avoided, hyperglycemia improves macrovascular function. This research remains 

very new with limited available studies to reconcile findings however it raises an important 

consideration in the target of reducing glycemia for post-prandial strategies to improve 

vascular function. 

 

4.2 Limitations and future directions 

There are several relevant limitations to this study, some of which were discussed 

as part of the discussion and others explicitly mentioned in the manuscript section. Also, 

there are additional limitations warranting acknowledgement to help direct future 

research. Firstly, use of PLM as an assessment of microvascular function was a non-

invasive and simple technique to implement, however, it likely did not offer the sensitivity 

necessary for this study. Since PLM outcomes are dependent on the magnitude of 
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hyperemia, the CFA perfusion pressure plays a large role in the response magnitude38 

and a semi-recumbent position is advised31 whereas we used the supine position. 

Additionally, speed and consistency in range of motion of the lower-limb during PLM will 

influence response magnitude,37 both of which were not meticulously controlled in this 

study, with 1 of 3 different researchers manually performing the movements. Recent 

studies have also suggested that due to measurement variability, PLM should be 

repeated at least twice, with an adequate washout period and average values 

recorded,31,36 however due to the chronological dependence of our study design this was 

not feasible. For these reasons, use of PLM was not the optimal test nor was it 

implemented in an optimal manner to answer the research questions it was intended to. 

Factors related to the relative intensity of EMS applied should also be considered since 

only a maximal tolerable intensity was used, without standardization to a %maximal 

contraction. There are inherent issues with asking participants to self-select an intensity 

as it introduces additional between-participant variation that could be avoided by 

normalizing to a %maximal contraction. However, the observed muscular activation 

measured by V̇O2 aligns well with other studies demonstrating increased glucose 

deposition via EMS.122 Also, it is possible that the force output throughout the EMS 

intervention period declined as the muscle began to fatigue and through accelerated 

fatigue during BFR+EMS, lowering the metabolic requirements. However, V̇O2 did remain 

stable throughout both EMS and BFR+EMS intervention periods suggesting there was 

no significant muscular fatigue. Additionally, assumptions surrounding the respiratory 

exchange ratio should be considered as key factors affecting V̇O2 and V̇CO2 were 

manipulated by interventions. Validity of the RER relies on steady state oxidative 

metabolism and notably during the BFR+EMS intervention, the cyclic pattern in V̇O2 and 

V̇CO2 indicates a non-steady state environment. This pattern induced by application of 

BFR also caused significant reductions in muscle oxygenation, likely activating 

phosphocreatine dependent energy pathways, a non-oxidative metabolism. Thus, during 

the BFR interventions, it is possible RER specific assumptions to infer accurate substrate 

contributions were violated. Pain associated with the use of BFR and EMS can be 

considered as these novel stimuli may have impacted participants differently given their 
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past experience. Despite ratings of perceived pain being greater with EMS vs BFR, there 

was no significant increase during the BFR+EMS condition. The use of finger sticks 

should also be considered for causing a physiological response, particularly at timepoints 

0, 60, 120min where 14G lancets were used to obtain insulin concentrations. Despite 

being used equally in each intervention it is possible the pain associated with finger pricks 

may have caused significant stress responses which has been shown to impact both 

vascular function and glycemic control.184,185 Although this could have impacted results, 

it should be expected that each participant experienced a similar pain response under 

each intervention and differences can be attributed to the intervention. Finally, limitations 

associated with the study sample size should be addressed in the context of statistical 

power and Covid-related restrictions. A priori sample size calculation was based on 

relevant literature examining both FMD and glycemic responses to OGTT’s and a target 

of 15 participants was determined in order to observe interventional differences. Following 

study completion, post-hoc calculations indicate a required sample size of 18-20 

participants for differences within primary outcomes. Despite achieving recruitment of 13 

participants, Covid-related restrictions hindered the capacity to collect data on greater 

numbers of individuals.  

 Future research should continue to consider the role of BFR+EMS as a therapeutic 

strategy in the post-prandial period to affect vascular and metabolic function. This study 

provides evidence that an effect may exist when a clinical population is used, the 

intervening BFR and EMS protocols are optimized, and more robust microvascular 

measurement techniques are used. There remains considerable potential for 

development of passive strategies to increase insulin sensitivity and ameliorate global 

vascular function, each of which would have considerable impact on clinical 

cardiometabolic health. 
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4.3 Conclusion 

In conclusion, this thesis provides evidence on the use of BFR, EMS and 

BFR+EMS in the post-glucose regulation of metabolism and vascular function in young, 

active individuals. Superimposition of muscle contractions onto BFR did not preferentially 

improve glucose, insulin, macrovascular or microvascular associated outcomes relative 

to control. We do however present a fundamentally sound strategy based on immediate 

changes in muscle oxygenation and carbohydrate metabolism that warrant further 

investigation in clinical populations.
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TITLE OF PROJECT: Examining vascular and metabolic effects of blood flow 

restriction and muscle stimulation in individuals with 
dysglycemia 
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the procedures, as described by the applicant, to conform to the University's ethical standards and the 
Tri-Council Policy Statement, 2nd Edition. 
 
The REB requires that researchers: 

• Adhere to the protocol as last reviewed and approved by the REB.   

• Receive approval from the REB for any modifications before they can be implemented. 
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• Report unexpected events or incidental findings to the REB as soon as possible with an 
indication of how these events affect, in the view of the Principal Investigator, the safety of the 
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• Are responsible for ascertaining and complying with all applicable legal and regulatory 
requirements with respect to consent and the protection of privacy of participants in the 
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year project, a status report must be submitted annually prior to the expiry date. Failure to submit 
an annual status report will lead to your study being suspended and potentially terminated. 

 
The approval for this protocol terminates on the EXPIRY DATE, or the term of your appointment or 
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INFORMATION and CONSENT to PARTICIPATE in 

RESEARCH 

Examining vascular and metabolic effects of blood flow restriction and muscle 

stimulation 

 

Investigators 

Jeremy Cohen, MSc Student, Department of Human Health and Nutritional Sciences, University 

of Guelph. Contact: jcohen04@uoguelph.ca; 647-985-9910 

Valerie Politis-Barber, MSc Student, Department of Human Health and Nutritional Sciences, 

University of Guelph. Contact: vpolitis@uoguelph.ca 

Brienne Stairs, MSc Student, Department of Human Health and Nutritional Sciences, University 

of Guelph. Contact: bstair01@uoguelph.ca 

Alexandra Coates, PhD Candidate, Department of Human Health and Nutritional Sciences, 

University of Guelph. Contact: acoate01@uoguelph.ca 

Megan Kuikman, MSc Student,  Department of Human Health and Nutritional Sciences, 

University of Guelph. Contact: mkuikman@uoguelph.ca 

Jamie Burr, PhD, Associate Professor, Department of Human Health and Nutritional Sciences, 

University of Guelph. Contact: burrj@uoguelph.ca; 519-824-4120 ext. 52591 

Introduction 

You are being invited to participate in a research study conducted by the Department of Human 

Health & Nutritional Sciences at the University of Guelph. The study will occur in the Human 

Performance and Health Research Laboratory. We are investigating the individual and combined 

effect of two training modalities on the function of your arteries and management of blood sugars 

(glucose). An impaired ability to regulate blood sugar leads to lower artery function and artery 

mailto:vpolitis@uoguelph.ca
mailto:bstair01@uoguelph.ca
mailto:mkuikman@uoguelph.ca
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responses when challenged. Both of these are risk factors for cardiovascular disease that can be 

improved with regular exercise training; however, this is sometimes a barrier due to challenges to 

exercise or other social factors. We are interested in testing novel ways to accomplish similar goals 

and lowering the risk of disease complications as would typically occur with more common forms 

of exercise. 

Building upon recent work, we are proposing the use of blood flow restriction (BFR) training and 

electric muscle stimulation (EMS) as an adjunct form of “passive exercise” that could improve 

muscle strength and size, helping to regulate blood sugars using the muscles. By reducing blood 

sugar, the function and structure of the blood vessels could improve, potentially lowering the risk 

of developing cardiovascular disease. Currently, there is evidence to support the role of EMS in 

blood sugar management as well as BFR+EMS in increasing muscle strength and size, however, 

there is no evidence investigating the blood sugar control and artery outcomes of BFR+EMS.  

 

You will be asked to take part in tests that track how well your body deals with sugar under 

differing conditions to assess the contributions of BFR and EMS alone and combined. 

Purpose 

Identify the effect of BFR+EMS as an adjunct training modality to improve artery function and 

blood glucose management.  

Who can take part in this study? 

In order to participate in this study, and to protect your safety, you must meet the inclusion 

criteria below. 

Inclusion Criteria Exclusion Criteria 

• Age 18-65 

• Not currently engaged in a regular 

physical training program 

 

 

• Insulin dependent 

• Peripheral neuropathy 

• High blood pressure (>160mmHg 

systolic, >90mmHg diastolic) 

• Low blood pressure (<90mmHg 

systolic, <60mmHg diastolic) 

• Major surgery in past 6-months 

• Family or personal history of deep-

vein thrombosis (DVT) or pulmonary 

embolism 

• Varicose veins 

• Past fracture of hip, pelvis, or femur 

• Crohn’s disease 

• Pregnant women 

• Cigarette smoker 
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• Use of recreational drugs 

• Body mass index >30 

What will be required of you? 

• You will be asked to perform a maximal graded cycling test in order to determine your 

maximal oxygen consumption (VO2max), your peak power output, and your peak heart 

rate.  

• You will come to the lab on 6 more occasions, separated by at least 48 hours, and 

undergo a glucose (sugar) tolerance test – each lasting ~2.5h 

• You will be required to wear two continuous glucose monitors for 2 weeks, which will 

give you your minute-by-minute glucose levels. 

• During the test, your blood sugars will be monitored, and artery function will be assessed 

using non-invasive techniques. You will be free to use personal devices and socialize 

throughout the protocol. 

• Each testing day will involve a specific exercise intervention protocol, listed below. 

• See the Appendix for complete testing protocol and testing condition details. 

 

Procedures 

How long will the study take? 

This study will require 7 visits (1 lasting 30min, and 6 lasting ~2.5 hours), minimum time 

between visits is 48 hours. 

Where will the study take place? 

All testing will occur in the Human Performance and Health Research Laboratory (University of 

Guelph, HHNS Annex Room 271). 

Testing days 1-6 

The exercise intervention will change based on the testing day. These days will occur in a 

randomized order. 

o Day 1: Control (Resting) 

o Day 2: Blood flow restriction 

o Day 3: Electric muscle stimulation 

o Day 4: BFR+EMS 

o Day 5: Graded cycling 

o Day 6: Whole body heating 
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Procedure 1: VO2 max test 

- If you have not recently performed a VO2max test in the HPL (within <1month), we will 

perform this test on a separate testing day.  
- This test will be performed on a cycle ergometer (Velotron Inc, Seattle, USA), and will 

begin at 2.5W/kg and increase by 20W each minute until you reach exhaustion to 

determine maximal heart rate (HRmax) and the power output associated with HRmax. 

You will be fitted with the facemask in order to assess maximal oxygen consumption 

during exercise. No other tests will be performed this day. 

Procedure 2: Electric muscle stimulation (EMS) 

- As part of the exercise intervention, EMS (a low-grade electric current) will be applied to 

the thigh muscles concurrently. 

- Custom-made electrode pads will be placed over the muscles and a current will be passed 

through, causing the muscles to contract rhythmically.  

- This will feel unnatural at first, and may be perceived as a slight tingle, but eventually the 

sensation can be ignored. 

- The stimulating current will never reach an intensity causing pain.  

- EMS will be applied for 30 minutes continuously.  

Procedure 3: Blood flow restriction (BFR) 

- You will have tourniquet cuffs similar to a blood pressure cuff placed around your upper 

thighs. 

- The tourniquet system will automatically determine the lowest pressure in order to 

occlude blood flow, 70 – 100% of this pressure will then be applied intermittently on 

each leg.  

- This will feel like a strong pressure and perhaps some tingling or numbness, however this 

is completely normal during BFR. 

- BFR is considered to be one of the exercise interventions. 

Procedure 4: Oral glucose tolerance 

- You will be asked to consume a 400mL beverage containing 100g of glucose within a 3-

minute period. 

- The ingredients of this beverage are: D-glucose, citric acid, natural orange flavour, 

sodium benzoate, red #40, yellow #6. This beverage is manufactured by Thermo Fisher 

Scientific. 

Procedure 5: Flow-mediated dilation (FMD)  

- You will lay on a bed with your arm supported in a custom foam block. 
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- A pressure cuff will be placed on your forearm and inflated to ~220mmHg for 5 minutes, 

this may cause some tingling and numbness of the hand but subsides immediately upon 

release. 

- During this time, an ultrasound probe will be used to image the artery in your arm. 

- This test will be repeated 5 times during each visit. 

Procedure 6: Blood glucose and insulin monitoring 

- Throughout the testing day we will monitor your blood glucose levels using a simple, 

single use testing strip. 

- A glucometer will be used to measure finger blood samples acquired by puncturing the 

fingertip using a finger lancet in order to generate a drop of blood for analysis. A second 

drop of blood will then be produced and collected in a tube for insulin analysis. 

- The glucometer readings will be repeated 9 times throughout the testing period. Insulin 

will only be measured 3 times during the testing period. 

- Minute-by-minute interstitial glucose readings will also be assessed in a subset of 

participants using Supersapiens continuous glucose monitors and dashboard system. 

These minimally invasive sensors are inserted into the skin above your triceps (back of 

arm) and quadriceps (thigh), and provide glucose readings to your smart phone. The data 

is also automatically shared to a dashboard that can only be accessed by the researchers. 

Each sensor lasts two-weeks prior to expiration. All sensors have been donated by 

Supersapiens for use in this study.  

- These sensors are designed to be worn during exercise, and can be worn while swimming 

or in the shower. The sensors have been tested to stand immersion in one meter of water 

for 30min. Should a sensor fall off or stop working, an “expired sensor” notification 

occurs, and we will replace the sensor. The sensors will be applied to the participant by 

the researcher, or if you would rather apply the sensor yourself, you may do so by 

following the instructions provided. The data will be recorded on applications 

downloaded onto two phones – the first of which can be your own phone, and the second 

on a phone provided by the researchers. If you do not wish to record the data on your 

own phone, two phones will be provided. All accounts will be created by the researchers, 

and as such, your email address and other personal information will not be shared with 

the company. The Supersapiens sensors are not intended for medical or diagnostic 

use of any kind, and you should discuss with your physician prior to starting the 

experiment if you have any concerns.  

Procedure 7: Pulse wave velocity 

- You will lay on your back while 3 electrodes are attached to your torso to measure 

electrical activity of your heart. 

- During this time, a pen-like pressure sensor will be placed at the sites of your carotid 

(neck) and femoral (thigh) arteries for 10s each. 

- This procedure will only occur at the beginning and end of each study visit. 
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Procedure 8: Respiratory exchange ratio 

- You will be fitted with a facemask in order to measure the volumes and concentrations of 

air you inhale and exhale. 

- The facemask, which will cover your nose and mouth, will not restrict your breathing in 

any way, but will track your breathing and oxygen use. 

- This will be measured on 3 separate occasions, lasting 15-30 minutes each during the 

testing session.  

Procedure 9: Finger-cuff blood pressure 

- A small cuff will be placed around your middle finger to measure blood pressure. 

- You will feel the cuff pulsing with each heartbeat, but you will not feel any discomfort. 

- The cuff will be used throughout the BFR application period as a precautionary measure 

for your safety. 

Procedure 10: Passive leg movement (PLM) and common femoral artery (CFA) flow 

- The PLM test is a simple test where your lower leg will be passively moved through a 

90o range of motion by a researcher for one minute. 

- During this time, an ultrasound probe will be placed overtop your CFA. This artery is 

located in the groin region and does require access to the skin. 

- In most cases, clothing will need to be moved in sensitive regions, however every effort 

will be made to maintain decency and your comfort with the measure. 

Procedure 11: Near-infrared spectroscopy (NIRS) 

- This measure will require a small device (smaller than an iPhone) to be placed overtop 

one of your thigh muscles. 

- A compressive and light-blocking wrap will be used to secure the device in place. 

- Throughout the measurement you will not feel anything associated with the device as 

only light is being passed through the muscle.  

Procedure 12: Graded Cycling Exercise:  

- The graded cycling condition will consist of 8min of cycling at 50% of maximal heart 

rate (HRmax), 7min of cycling at 80% of HRmax, 3min of cycling at 90% of HRmax, 

3min of rest, and then a time-to-failure test at the power associated with 100% of 

HRmax.  

- Finger stick capillary glucose samples will be assessed at all of the same time-points as 

above, with two additional finger sticks at the end of the 90% stage (~18min), and at the 

end of the time-to-exhaustion stage.  

Procedure 13: Whole Body Heating:  



 

 

 

 

88 

- During the 30min intervention period, you will lie on a testing bed covered in heating 

packs, an electric blanket, and some additional normal blankets.  

- Temperature will be assessed via a tympanic thermometer at the same time as the 

capillary glucose samples.  

- Blankets will be removed if your tympanic temperature reaches 39℃.  

**Illustrations of the different exercise interventions can be found in Appendix II** 

PLEASE NOTE: Before you arrive for testing you must: 

 Fast for 12 hours 

 Abstain from caffeine and alcohol for 12 hours 

 Abstain from exercise for 24 hours 

Incidental Findings 

Please note that this research is non-diagnostic, and we are not trained to identify, diagnose, or 

provide medical advice; however, if we notice something unusual, we will suggest that you 

consult with your physician or healthcare provider. If the research team believes that the 

cardiovascular measurements indicate that you require immediate medical attention, emergency 

services will be contacted precautionarily. 

 

Potential Risks and Discomforts 

There are a few risks involved with the participation of the study. However, as with any physical 

activity, should you experience pain or change in usual symptoms you are concerned about, 

please consult your healthcare professional. Please read the brief summary of the risks below and 

consult with Appendix II for extended discussions. 

Summary of potential risks 

Procedure Risk Likelihood Basis 

Glucose tolerance 

test 

Low blood 

sugar and GI 

upset 

Somewhat likely High glucose concentrations can 

cause blood sugar fluctuations 

and upset the stomach. 

Blood flow 

restriction 

Blood clot 

formation 

Unlikely and only 

theoretical 

Pooling of blood can increase 

the chances of blood clot 

formation – this has not been 

reported to occur. 
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Electric muscle 

stimulation 

Discomfort Somewhat likely Involuntary muscle contractions 

do not feel natural and 

sometimes cause discomfort at 

the skin surface. 

Flow-mediated 

dilation 

Numbness Likely Full occlusion of forearm blood 

flow will often cause numbness 

in the hand – this is only 

temporary. 

Application of 

ultrasound gel 

Skin irritation Unlikely The gel is water-based and most 

individuals tolerate it well, but 

modifications can be made. 

Pulse wave velocity Uncomfortable 

body regions 

Unlikely The probe must be placed 

overtop the femoral artery in the 

groin region. This can typically 

be done without disrobing in any 

fashion.  

Passive leg 

movement and CFA 

flow 

Uncomfortable 

body regions 

Somewhat likely In order to access the common 

femoral artery clothing will need 

to be moved. This can be 

psychologically uncomfortable 

but does not present any 

physical risks. The measure will 

be completed in private, away 

from the main laboratory area.  

Finger prick blood 

draw & 

Supersapiens 

biosensor insertion 

Infection, 

bleeding, 

bruising or 

light-

headedness 

Unlikely Breaking the skin presents a 

primary risk of infection or 

light-headedness due to 

discomfort with blood. This is 

typically well-tolerated and 

performed routinely by 

individuals with diabetes for 

example. For Supersapiens 

biosensors, a thin filament is 
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inserted into the skin, but should 

not cause pain or bleeding. 

VO2max & Graded 

cycling condition 

Discomfort, 

shortness of 

breath 

Somewhat likely These are maximal exercise 

tests, so some normal exertional 

discomfort will occur.  

Whole body heating Overheating, 

heat injury 

Unlikely Increasing core temperature 

carries the risks of overheating 

and heat-injury 

  

Glucose tolerance test 

The oral glucose tolerance test (OGTT) requires the consumption of 75g of sugar in a short 

period of time. This may cause mild symptoms of nausea, stomach discomfort or general 

malaise. Large amounts of glucose ingestion may also cause significant deviations in blood 

glucose levels, we will be monitoring this closely to ensure you remain within a safe range. The 

use of blood glucose monitoring devices and blood insulin measures will require the skin to be 

broken in order to sample a drop of blood from the fingertip. These should not be painful and 

will feel like pin pricks. Supersapiens continuous glucose monitors will be inserted according to 

company procedures after thoroughly cleaning the skin. These sensors are generally painless to 

insert via a special applicator, and only minor discomfort at the site should occur. If you have 

itching or pain at the site, the sensors can be removed at any time without the need for special 

equipment of training.   

Blood flow restriction 

During the procedure of blood flow restriction, you may experience feelings of discomfort (i.e. 

“this does not feel good, but it doesn’t hurt), but this should not escalate to pain. In the event that 

you perceive pain, you should communicate this to the research staff and the procedure will be 

stopped. Participants have the ability to stop any procedure at any time that it is safe to do so, 

and end participation in the study, regardless of the level of discomfort or pain. It must be noted 

here that the risk of blood occlusion for experimental purposes is to some extent unknown. This 

procedure is used during sports training, rehabilitation, and for research, and adverse events have 

occurred, though they are not frequent. 

If at any time during your lab visit or after you leave, you experience:  

• Swelling of the limb 

• Leg pain or tenderness 

• Skin discoloration 
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• Change in temperature perception in the affected limb 

• Sudden shortness of breath 

• Chest, shoulder, neck, or arm pain (men) and/or poorly localized, dull discomfort 

(women) 

• Rapid heart rate at rest  

You should report immediately to your health care provider or the nearest emergency room. Any 

and all medical concerns should thereafter be reported to the research team. 

 

Electric muscle stimulation 

Usage of electric muscle stimulation will cause involuntary contraction of your muscles, which 

may feel uncomfortable. The stimulating current will be graded to increase slowly, ensuring the 

intensity does not exceed your tolerance. If at any time you feel as though the stimulating current 

becomes uncomfortable, a member of the research team will immediately reduce the current 

being applied. 

Flow-mediated dilation 

Measurement of arterial function will require repeated flow-mediated dilation (FMD) tests, 

presenting some potential discomforts. A cuff will be placed on the forearm and inflated to cause 

occlusion for 5 minutes while your brachial (upper arm) artery is imaged via ultrasound, during 

this time you may experience numbness or tingling in the hand, this will subside upon cuff 

release. While never reported during an FMD test and similarly to BFR exercise, FMD also 

presents the theoretical risk of blood clot development. 

Application of ultrasound gel 

During the FMD test, an ultrasound probe is used in order to enhance the artery image of 

interest. To produce a high-quality image, a gel is applied to the skin, this could cause an allergic 

skin reaction in some people. This is generally characterized by mild skin irritation, if you have a 

sensitive skin condition, an alternative lubricating gel will be used.  

Pulse wave velocity 

In order to measure central artery stiffness, pulse wave velocity (PWV) employs the use of a 

pen-like object placed over the carotid and femoral arteries. In order to access the femoral artery, 

the tonometer must be placed in the groin region, however this does not require you to disrobe in 

any fashion, as pulse waves can be captured through most thin clothing. If you would prefer a 

male or female researcher to perform the measurement, your requests will be accommodated.  

Passive leg movement and common femoral artery flow 
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Both of these measures require an ultrasound probe to be placed overtop the common femoral 

artery which is in the groin region. This will require clothing to be moved beyond typical athletic 

clothing limits. We will do the utmost to preserve decency and this typically accomplished by 

keeping clothing in place with a simple clip. If you would prefer a male or female researcher to 

perform these measurements, your requests will be accommodated. 

VO2max test and graded cycling exercise 

The VO2max test will be performed by an experienced researcher, who is able to look for signs 

of adverse events. You can stop biking whenever you wish, and do not have to continue if you 

feel uncomfortable. The VO2max test is required to characterize fitness and to be able to find 

wattage and heart rates used in the graded cycling exercise test.  

The graded cycling exercise will be similar to the VO2max test, and you can stop biking 

whenever you wish, and do not have to continue if you feel uncomfortable. This exercise test is 

necessary to characterize changes in site-specific glucose (finger, triceps, thigh) during exercise 

of increasing intensities. 

Whole body Heating 

The heating protocol is important for determining the independent effects of core temperature on 

blood glucose levels, compared to muscle stimulation (which should not raise core temperature 

much), and cycling exercise (which includes elevated core temperature and active muscle use). If 

you feel uncomfortably warm, some of the blankets will be removed. We will be assessing 

temperature regularly and will remove the heating pads and blankets if you reach a temperature 

of 39℃. If you do overheat (achieve a temperature >39C, are uncomfortably hot, or show signs 
of heat stroke such as confusion, nausea, rapid breathing, and/or headache), we will 

remove all of the blankets/heating pads, and will monitor temperature at regular 1min intervals 

until temperature is normal and you feel fine (<38C). Should you not be able to reduce core 

temperature, we will provide cold water and ice packs that are kept in our lab fridge to help with 

cooling. If your temperature does not return to normal within 45min of blanket removal, or you 

show signs of heat stroke, we will assist you in seeking medical attention.  

 

PLEASE NOTE: There will be no medical doctor present during the testing. The head 

investigator (Dr. Jamie Burr) and PhD student (Alexandra Coates) are CPR-C First Aid 

Certified. You will be reminded throughout the study that at any time if you no longer feel 

comfortable with completing any of the tasks you can terminate the experimental trials 

without penalty. 

 

Potential Benefits  

You will not experience any direct benefits from taking part in this study. 
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You may benefit from taking part in a exercise intervention. 

Your data will contribute to the advancement of knowledge on BFR+EMS as an adjunct exercise 

modality. This will help practitioners gain a better understanding of the vascular and metabolic 

effects of this intervention, as well as close the knowledge gap on this novel area.  

Data and Confidentiality  

Every effort will be made to ensure confidentiality of personal information that is obtained in 

connection with this study. Coded data will be kept on a password-protected computer and all 

written material secured in a locked cabinet on site.  

Personal identifiers including the master list will be kept in a locked cabinet. 

All personal identifiers will be destroyed following completion of the entire study, expected 

finish date of June 2021, unless you consent to a potential follow up (see below). 

De-identified data will be retained for 1 year, stored electronically in databases, with access 

granted to Jeremy Cohen and Dr. Jamie Burr. 

Participants will have the option to receive their study results in aggregate format upon request 

following study completion. Participants may contact a member of the research team to acquire 

this data. Dr. Jamie Burr is the long-term steward of all data being stored.  

 

In the event of future research studies do you consent to being contacted by a member of the 

research team? 

 

Participation and Withdrawal 

You may choose whether to be involved with this study or not. 

You may withdraw at any time without consequence.  

You may exercise the option of removing your data from the study up until one week following 

completion of your data collection. 

You may also refuse to answer any questions you don’t want to answer and remain in the study.  

The investigator may withdraw you from this research if circumstances arise that warrant doing 

so. 

The researchers wish to be inclusive in their recruitment process. This project requires: 

• The placement of medical sensors on the body. 
• Breaking of the skin to sample blood glucose levels. 
• Interaction one on one with a male or female researcher. 
• Removal of some articles of clothing. 

If for any reason you may feel uncomfortable taking part, please contact the researcher to discuss 

these requirements and possible modifications to the procedure to address your concerns. 
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Rights of Research Participants 

This project has been reviewed by the Research Ethics Board for compliance with federal 

guidelines for research involving human participants. If you have questions regarding your rights 

and welfare as a research participant in this study (REB#20-02-004), please contact: Manager, 

Research Ethics; University of Guelph; reb@uoguelph.ca; (519) 824-4120 (ext. 56606). 

You do not waive any legal rights by agreeing to take part in this study.  

 

Signature of Research Participant 

I have read the information provided for the study “Examining vascular and metabolic effects of 

blood flow restriction and muscle stimulation” as described herein including the Appendices 

attached.  

My questions have been answered to my satisfaction, and I agree to participate in this study. 

I have been given a copy of this form. 

__________________________________________ 

Name of Participant (please print) 

____________________________________________________ 

Signature of Participant            Date 

 

 

 

 

This research is funded by: 

• Natural Sciences and Engineering Research Council of Canada.  

• Ontario Ministry of Economic Development, Job Creation and Trade Research, Science and 

Commercialization.  

• University of Guelph 
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Participant Data Sheet 

Height:        Weight:      DOB:       Sex:    

Physical Activity (days/week):      (minutes/session):    

Circle:      Aerobic      or      Resistance     or    Mixed 

 

Do you currently take any supplements or medications regularly? Please list below: 

 

Have you undergone any major surgeries in the past 6 months? Please list below: 

 

Have you had a past fracture of the hip, pelvis or femur? Please list below: 

 

Have you ever been diagnosed with any of the following: Vascular disease, varicose 
veins, heart condition, stroke, Crohn’s disease? Please list below: 

 

Do you have kidney disease or a family history of kidney disease? 

 

Do you have a history or family history of blood clotting or cardiovascular disease? 

 

Females only 

Do you take an oral or hormonal contraceptive pill?    Yes // No     

 

If no, when was the start of your last period and how often do you usually have your 
period? 
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