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Abstract 

A single bout of aerobic or resistance exercise can lead to a temporary drop in blood 

pressure (BP) following exercise; a phenomenon referred to as post-exercise hypotension (PEH). 

PEH has been well-documented in individuals with normal and high BP. Like aerobic and resistance 

exercise, isometric exercise (IEX) training chronically reduces resting BP in both populations; 

however, considerably less attention has been given regarding the ability of this type of exercise to 

elicit PEH. IEX involves static contractions against an immovable load where no or minimal change 

in length occurs within the engaged muscle group; it is often performed in the arm and leg, with 

protocols being completed in as little as 11-min. While PEH has been reported in older subjects 

with normal resting BP following a single session of isometric handgrip exercise (IHGX), it has yet 

to be examined beyond 5-min following an acute bout of isometric leg exercise (ILX). There is some 

evidence to suggest that the magnitude and/or duration of PEH is proportional to the exercising 

muscle mass; therefore, ILX (i.e. large muscle mass IEX) may have greater potential than IHGX (i.e. 

small muscle mass IEX) to evoke PEH. The purpose of this study was twofold: 1) to determine 

whether an acute bout of IHGX would elicit PEH in a sample of young, normotensive males and 2) if 

the magnitude of PEH, following IEX, was influenced by muscle mass. A total of 21 healthy males 

(24.1 ± 3.5yrs) completed 2 experimental visits (1 IHGX, 1 control), wherein cardiovascular 

reactivity and recovery responses (heart rate and BP) were assessed. In a subset of 12, an 

additional ILX visit was conducted, for a total of 3 experimental visits. PEH did not occur following a 

single session of either IHGX or ILX. The absence of PEH following either IEX protocol suggests that 

this type of exercise may be a less potent stimulus for PEH in this population. The findings from this 

study extend current knowledge with respect to PEH in healthy, young individuals and provide 

novel insight into the dependence, or lack thereof, of muscle mass on PEH.  
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Chapter 1 

Introduction 

Regular physical activity is a key non-pharmacological approach for the prevention and 

management of hypertension, a disease characterized by chronically elevated levels of resting 

blood pressure (BP) (Leung et al., 2017).. Chronic aerobic (Halbert et al., 1997; Kelley et al., 2001; 

Whelton et al., 2002; Cornelissen and Fagard, 2005b; Cornelissen and Smart, 2013), resistance 

(Kelley, 1997; Kelley and Kelley, 2000; Cornelissen and Fagard, 2005a; Cornelissen et al., 2011; 

Cornelissen and Smart, 2013) and isometric (Cornelissen and Smart, 2013; Carlson et al., 2014; 

Millar et al., 2014; Inder et al., 2016) exercise training reduce resting blood pressure in 

hypertensive and normotensive populations.  Unlike aerobic and resistance training that involve 

dynamic movements, isometric exercise training involves static contractions against an immovable 

load where no or minimal change in length occurs within the engaged muscle group (Carlson et al., 

2014; Millar et al., 2014). Isometric handgrip training (IHGT) is often performed with the aid of a 

digital handheld dynamometer, while isometric leg exercise is conducted using an isokinetic 

dynamometer (Wiles et al., 2010). Isometric exercise interventions typically consist of four 2-min 

handgrip or leg contractions performed at 30-50% of a maximal voluntary contraction (MVC) 

separated by a defined rest period, ranging from 1-4 min (Millar et al., 2014). Isometric handgrip 

training requires less time and resources than more traditional forms of exercise training; its 

overall efficiency and effectiveness contribute to its appeal as an alternative treatment for blood 

pressure (BP) management.  

In addition to a chronic hypotensive effect of training, single bouts of aerobic (Wilcox et al., 

1982; Coats et al., 1989; Somers et al., 1991; Franklin et al., 1993; Piepoli et al., 1993; Isea et al., 

1994; MacDonald et al., 1999a, 1999b; Duncan et al., 2014) and resistance (MacDonald et al., 
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1999b; Simão et al., 2005; Mohebbi et al., 2009; Polito and Farinatti, 2009; Mohebbi, Rohani and 

Ghiasi, 2016) exercise can elicit post-exercise hypotension (PEH). Specifically, PEH refers to a 

sustained reduction in resting BP in the minutes and hours following a single exercise session. Post-

exercise hypotension has been well documented in hypertensive (HT) (Wilcox et al., 1982; 

Kaufman, Hughson and Schaman, 1987; Somers et al., 1991; Rueckert et al., 1996), pre-

hypertensive (pre-HT) (Floras et al., 1989; Somers et al., 1991; MacDonald et al., 2000a, 2000b; 

MacDonald et al., 2002) and normotensive (NT) individuals (Wilcox et al., 1982; Kaufman et al., 

1987; Coats et al., 1989; Somers et al., 1991; Franklin et al., 1993; Piepoli et al., 1993; Brown et al., 

1994; Isea et al., 1994; MacDonald et al., 1999a, 199b, 2000a; Polito and Farinatti, 2009; Duncan, et 

al., 2014). On average, following a single bout of either aerobic or resistance exercise, short-term 

reductions in resting systolic blood pressure (SBP) and diastolic blood pressure (DBP) are 4.8 mm 

Hg and 3.2 mm Hg, respectively (Carpio-Rivera, 2016). Most studies indicate that the peak 

decrement in BP is observed within the first 60 minutes following an acute bout of exercise, with 

blood pressure trending towards a return to baseline in NTs after the peak magnitude of decline 

(Kenney and Seals, 1993; MacDonald et al., 2002). There is evidence to suggest that PEH can persist 

up to 13 hours following exercise in HT individuals (Pescatello et al., 1991). 

Hypertension is the leading modifiable risk factor for cardiovascular disease; yet, it often 

presents with few or no symptoms, and for this reason is often referred to as the “silent killer.” 

According to the Canadian Hypertension Guidelines, a diagnosis is confirmed when resting SBP 

measures are ≥135 mm Hg or DBP measures are ≥85 mm Hg following automated measures of both 

clinical and at-home measurements of BP (Leung et al., 2017). Management strategies, including 

exercise, can help prevent adverse health outcomes associated with hypertension, such as stroke, 

heart and kidney failure, coronary artery disease and dementia (Antonakoudis et al., 2007; 

Iadecola, 2014). Developing an understanding of how the acute effects of exercise, mediating PEH, 

manifest and ultimately translate to long-term adaptations and chronic regulation of blood 
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pressure is of importance for the basic understanding of blood pressure regulation and the 

application of non-pharmacological approaches in the prevention and treatment of hypertension. 

Furthermore, it is possible that periods of exercise-induced PEH offer a window of reduced 

exposure to the deleterious effects of hypertension. 

The potential for an acute hypotensive effect of a single bout of isometric exercise (IEX) has 

been minimally investigated. Five studies have provided some evidence regarding the ability of 

isometric handgrip exercise (IHGX) to elicit PEH. A significant systolic post-exercise hypotensive 

effect of 3 mm Hg was observed in a group of older NT subjects (mean age 70 ± 5 years) 5-min 

following an acute bout of IHGX (Millar et al., 2009). It remains unknown, however, whether BP 

continued to decline or returned towards baseline in the hour following exercise due to limited 

post-exercise measurements. In a follow-up study that assessed cardiovascular reactivity and 

recovery to 3 different isometric handgrip protocols, Millar et al. (2011) observed a -2 to -3 mm Hg 

change in SBP following all 3 IHGX protocols compared to a sham protocol. The other 3 studies, 

performed in HT and pre-HT participants, reported that PEH did not occur within the first 2 hours 

following a single session of IHGX (Stiller-Moldovan, 2010; Olher et al., 2013; Ash et al., 2017). 

Although limited, the evidence seems to suggest that IHGX may have a greater potential to cause 

PEH in older NT subjects. Only one study has examined PEH following isometric exercise in the legs. 

According to Devereux et al. (2015) alternating bilateral isometric leg exercise (ILX), involving 

static knee extensions, failed to elicit a post-exercise hypotensive response in a group of young NT 

subjects in the first 5 min following exercise. In summary, the impact of IEX on post-exercise blood 

pressure is clearly limited, in particular the more prolonged effects of ILX have yet to be 

investigated and the effect of IHGX on post-exercise blood pressure in young NTs remains 

unknown. Given the functional and clinical importance of blood pressure regulation, these effects 

warrant further investigation. 
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Evidence from acute aerobic (MacDonald et al., 2000a) and resistance (Polito and Farinatti, 

2009) exercise studies suggests that the magnitude and/or duration of observed PEH is 

proportional to the muscle mass involved such that a greater PEH is observed when a larger muscle 

mass is activated. The fall in BP associated with PEH is thought to be the result of a centrally 

mediated resetting of the baroreflex and corresponding sympathoinhibition, reduced signal 

transduction of sympathetic outflow, and sustained post-exercise vasodilation (Halliwill et al., 

2013). The downward resetting of the baroreflex is initiated through the activation of group III and 

IV skeletal muscle afferents and is thought to be proportional to the muscle mass involved in 

exercise (Halliwill et al., 2013). Moreover, while a single-quadricep resistance exercise protocol 

failed to elicit PEH (Barrett-O’Keefe et al., 2013), several other studies employing multiple muscle 

groups have observed post-exercise reductions in BP (Brown et al., 1994; MacDonald et al., 1999a; 

Simão et al., 2005; Mohebbi et al., 2009; Duncan et al., 2014; Mohebbi et al., 2016). It is, therefore, 

reasonable to suggest that a greater potential exists for PEH following a single bout of ILX versus a 

single bout of IHGX due to differences in muscle mass activation.  

 Given this background, the purpose of the study described in Chapter 3 is to determine the 

impact of IEX on PEH. The specific objectives of this study are twofold: 1) to determine whether an 

acute bout of IHGX elicits PEH within 1-hr following exercise in young NT males and 2) to 

investigate the muscle mass dependence of PEH by comparing BP responses following small (IHGX) 

and large (ILX) muscle mass isometric exercise. Based on current evidence, it is hypothesized that 

PEH will occur following a single session of IHGX. Furthermore, ILX (large muscle mass) will elicit 

PEH of a greater magnitude in comparison to IHGX (small muscle mass).   
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Chapter 2 

Literature Review 

Post-exercise hypotension refers to a phenomenon in which BP is transiently decreased 

below resting measures for an extended period of time following a single bout of exercise (Kenney 

and Seals, 1993; MacDonald, 2002). Post-exercise hypotension is well-documented in HT (Wilcox et 

al., 1982; Kaufman, Hughson and Schaman, 1987; Somers et al., 1991; Rueckert et al., 1996), 

borderline HT  (Floras et al., 1989; Somers et al., 1991; MacDonald et al., 2000a, 2000b), and NT 

(Wilcox et al., 1982; Kaufman et al., 1987; Coats et al., 1989; Somers et al., 1991; Franklin et al.,  

1993; Piepoli et al., 1993; Brown et al., 1994; Isea et al., 1994; MacDonald et al., 1999a, 1999b, 

2000a; Polito and Farinatti, 2009; Duncan et al., 2014) individuals following acute bouts of aerobic 

and resistance exercise. It has also been well established that chronic aerobic (Halbert et al., 1997; 

Kelley et al., 2001; Whelton, 2002; Cornelissen and Fagard, 2005b; Brook et al., 2013) and 

resistance (Kelley, 1997; Kelley and Kelley, 2000; Cornelissen and Fagard, 2005a; Cornelissen et al., 

2011; Cornelissen and Smart, 2013) exercise training can lead to favourable reductions in resting 

blood pressure. Likewise, IEX, a lesser known training modality, has recently been gaining attention 

as a well-founded intervention for lowering resting BP. Isometric exercise training appears to 

effectively reduce resting BP in NT (Wiley et al., 1992; Ray and Carrasco, 2000; McGowan et al., 

2007; Millar et al., 2008; Wiles et al., 2010; Badrov et al., 2013a, 2016; Garg et al., 2014), pre-HT 

(Wiley et al., 1992; Baross et al., 2012) and HT (Wiley et al., 1992; Taylor et al., 2003; McGowan et 

al., 2006, 2008; Peters et al., 2006; Millar et al., 2007, 2013; Badrov et al., 2013b) adults. Despite 

requiring relatively less time than traditional modalities of exercise, research pertaining to IEX and 

PEH remains relatively limited. To date, only a handful of studies have assessed post-exercise BP 

following IHGX (Millar et al., 2009, 2011; Stiller-Moldovan, 2010; Olher et al., 2013; Ash et al., 2017) 

and ILX (Devereux et al.,  2015). Developing an understanding of how different modalities of 
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exercise mediate PEH and ultimately translate to long-term changes in pressure regulation merits 

investigation to strengthen the general understanding of basic blood pressure regulation. The 

following review will explore the impact of isometric exercise on PEH; specifically addressing, 1) 

the acute effects of exercise on BP, 2) the impact of exercise training on BP, 3) post-exercise 

hypotension, and 4) the mechanisms thought to mediate post-exercise hypotension.  

2.1 Arterial Blood Pressure   

The cardiovascular system works on the principle of hydraulics, where the heart acts as a 

pump that rhythmically moves blood into the main artery, the aorta, and branching vessels, while 

pressure within the system ensures transport of blood throughout body (Salvi, 2012). Arterial 

blood pressure refers to the force exerted by the blood on the vessel walls as it moves within the 

arterial system and is commonly separated into two components: 1) systolic pressure and 2) 

diastolic pressure. Systolic blood pressure (SBP) is the maximum pressure exerted by the blood 

during a cardiac contraction (i.e. when blood is forcefully ejected from the heart into the aorta), and 

diastolic blood pressure (DBP) is the minimum arterial pressure occurring as the heart relaxes and 

fills with blood (Brzenzinski, 1990). These values are recorded in millimeters of mercury (mm Hg) 

and often expressed as SBP over DBP, with normal BP defined as less than 120 mm Hg/80 mm Hg. 

Other important classifications of BP include hypotension (≤90 mm Hg/60 mm Hg), pre-

hypertension (120 – 139 mm Hg/80-89 mm Hg) and hypertension (≤140mm Hg/90 mm Hg) (Viera, 

2007). The average arterial pressure within a full cardiac cycle is referred to as mean arterial 

pressure (MAP), and can be estimated using the following equation:  

MAP =
SBP+2DBP

3
 

Arterial blood pressure is mainly determined by three factors: the number of times the 

heart beats in one minute, the volume of blood ejected from the heart with each beat and systemic 

resistance to flow, which are respectively referred to heart rate (HR), stroke volume (SV) and total 
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peripheral resistance (TPR). Cardiac output (CO) is the product of HR and SV (Lund-Johansen, 

1980); therefore, the formula for BP can be simply written as:  

BP = CO x TPR. 

Consequently, any changes in HR, SV or TPR can exert influence on BP. Adequate pressure is 

essential for the perfusion of vital organs, as pressure differences (arterial-venous pressure) within 

the cardiovascular system act as the driving force for blood flow, where flow rate is equal to 

pressure gradient (ΔP) divided by resistance to flow (R)(Brzenzinski, 1990; Brooks et al., 2004). 

Adequate blood flow to tissue is of vital importance; therefore, BP is tightly regulated by various 

neural, hormonal and local mechanisms of control(Brooks et al., 2004).   

2.2 The Impact of Acute Exercise on Arterial Blood Pressure  

2.2.1 Aerobic Exercise  

Dynamic aerobic exercise is a form of continuous, repetitive and rhythmic exercise that 

involves large muscle groups; consequently, it places a greater demand on the body for oxygen than 

either dynamic resistance or isometric training (Plowman and Smith, 2007; Cornelissen and Smart, 

2013). Systolic blood pressure increases in a linear fashion with aerobic exercise intensity in NT 

individuals, from a resting value of 120 mm Hg to 180 mm Hg or more during maximal aerobic 

exercise (Brooks et al., 2004). In some individuals increases in BP can exceed 200 mm Hg, reaching 

values of 250 mm Hg; thus, demonstrating some inter-individual variability in the magnitude of 

response (Brooks et al., 2004). Diastolic blood pressure in NT individuals changes minimally during 

aerobic exercise (i.e. slight decreases <10 mm Hg) due to peripheral vasodilation of the active 

muscle (Palatini, 1988; Brooks et al., 2004).   

During aerobic exercise, concomitant increases in ventilation, HR, SV and therefore CO 

occur to ensure adequate blood flow to the active skeletal muscle (Magosso and Ursino, 2002; 

Tschakovsky and Pyke, 2008). As result of central command, a feedforward mechanism acting in 
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parallel to motor command, a resetting of the arterial baroreflex in proportion to work intensity 

takes place. This resetting translates into an immediate increase in HR and ultimately a rise in CO at 

the onset of aerobic exercise in addition to sympathetic vasoconstriction primarily in the 

cutaneous, visceral and inactive skeletal muscle vasculature (Sheriff, 2006; Plowman and Smith, 

2007; Tschakovsky and Pyke, 2008). Moreover, increases in SV are observed due to both increases 

in contractility and cardiac preload (the volume of blood in the heart at the end of filling and before 

a contraction), which in accordance with the Frank-Starling Law of the Heart causes increased 

ventricular stretch and pressure; ergo, leading to an increase in SV (Lind, 1970; Brooks et al., 2004). 

Heightened cardiac preload is a consequence of enhanced venous return as a result of the expulsion 

of blood from the pumping action of the contracting muscles, often referred to as the muscle pump 

(Plowman and Smith, 2007; Tschakovsky and Pyke, 2008). The exercise pressor response 

(mechano- and metaboreflexes within the skeletal muscle) is also thought to contribute to the 

exercise-induced rise in BP via increases in cardiac output and peripheral vasoconstriction 

(MacDougall et al., 1985). Local vasodilation, however, in the active muscles leads to reduced TPR; 

thereby, offsetting the impact of increased CO and the rise of BP (Plowman and Smith, 2007).  

2.2.2 Resistance Exercise  

Resistance exercise, or weight lifting, involves a combination of dynamic and static 

contractions (MacDougall et al., 1985; Plowman and Smith, 2007). Holding onto a weight, such as a 

dumbbell or a barbell, constitutes the static component of the exercise, while concentric and 

eccentric contractions, involved in the lifting and lowering of the weight, constitutes the dynamic 

portion of the exercise (Hill and Butler, 1991; Plowman and Smith, 2007; Cornelissen and Smart, 

2013). Systolic and diastolic blood pressure tend to rise rapidly and to exceptionally high levels 

during the concentric portion of the exercise (when the load is raised) with a subsequent decrease 

during the eccentric portion of the resistance exercise (when the load is lowered) (MacDougall et 

al., 1985). The magnitude of the change in BP in response to resistance exercise is dependent on the 
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intensity of the load and the number of repetitions (Plowman and Smith, 2007). At high intensity (8 

repetitions @ 80% of 1-repition maximum)(RM), peak systolic and diastolic pressures of 190 mm 

Hg and 130 mm Hg have been reported in young NT males during lower body resistance exercise 

(Poton and Polito, 2016). Furthermore, peak pressures exceeding 400 mm Hg (SBP) and 200 mm 

Hg (DBP) have been reported with near maximal lifting to fatigue (MacDougall et al., 1985; Palatini 

et al., 1989). The magnitude of change in BP also appears to be related to muscle mass (MacDougall 

et al., 1985; Mayo and Kravitz, 1999). For example, smaller changes in BP are evoked from exercise 

involving a relatively small muscle mass (i.e. single arm curls) when compared to exercise utilizing 

a larger muscle mass (i.e. single or double-leg presses) (MacDougall et al., 1985).  

The dramatic increases in both SBP and DBP can be attributed to the pressor response and 

performance of the Valsalva manoeuvre (Plowman and Smith, 2007). In contrast to aerobic 

exercise, where rhythmic muscular contractions are promoting venous return, a significant amount 

of mechanical compression of the vasculature in active muscle occurs; thus, translating into 

minimal variations or even reductions in SV (MacDougall et al., 1985; Mayo and Kravitz, 1999; 

Plowman and Smith, 2007). Additionally, mechanical distortion is sensed by type III afferents 

within the muscle, which provokes increases in TPR and consequently BP (Tschakovsky and Pyke, 

2008). This exemplifies the mechanoreflex, which is one constituent of the exercise pressor 

response, also referred to as the exercise pressor reflex. Since SV remains unchanged, the modest 

increases in CO with this type of exercise are, therefore, due to increases in HR derived from signals 

from the autonomic nervous system (ANS) (Mayo and Kravitz, 1999). Impedance of blood flow as a 

result of mechanical compression causes a buildup of metabolic by-products. Type IV afferent nerve 

fibres sense local metabolic strain, which elevates BP via increases in both CO and TPR. This 

mechanism is likely put forth in attempt to improve muscle blood flow and is referred to as the 

metaboreflex (Mayo and Kravitz, 1999; Tschakovsky and Pyke, 2008). Another contributing factor 

to the minimal changes in SV during resistance exercise is the Valsalva manoeuver, a forced 
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exhalation against a closed glottis (Newell et al., 1994). This response stabilizes the abdominal and 

thoracic cavities; however, it does so by increasing intrathoracic pressure, which in turn hinders 

blood flow back to the heart and subsequently leads to a drop in SV (Hill and Butler, 1991). In 

summary, dynamic resistance exercise evokes modest increases in CO (primarily mediated by 

increases in HR) and a marked rise in TPR (Newell et al., 1994; Mayo and Kravitz, 1999).  

2.2.3 Isometric Exercise  

Action of the muscle is considered to be isometric when tension within increases but no 

movement occurs (Hamill and Knutzen, 2006). Isometric exercise, therefore, involves static 

contractions against an immovable load where no or minimal change in length occurs within the 

engaged muscle group (Carlson et al., 2014; Millar et al., 2014). When used as a training modality 

for blood pressure reduction, this form of exercise is commonly performed in the arm or leg, with 

study protocols typically consisting of four 2-min contractions performed at 30-50% maximal 

voluntary contraction (MVC) separated by a defined rest period, ranging from 1-4 min (Millar et al., 

2014). The rest period is largely dependent on the nature of the training, whether it is performed 

unilaterally or bilaterally (alternating). Isometric handgrip exercise is often executed using an 

automated digital handgrip dynamometer; however, Millar and colleagues (2008) have shown that 

inexpensive spring handgrip devices can also be equally effective at reducing resting blood 

pressure in older NT adults. Isometric leg exercise is done in a seated position where subjects 

perform isometric knee extensions; an isokinetic dynamometer is often used to facilitate the 

performance of this exercise (Wiles et al., 2010).   

Isometric exercise is characterized by elevations in HR and CO with no significant changes 

in SV. Most (Chrysant, 1978; Laird et al., 1979; Alexander et al., 1994), but not all studies (Lind et 

al., 1964) have shown that TPR remains relatively stable during isometric exercise. Central 

command and the exercise pressor reflex are both thought to contribute to the cardiovascular 

adjustments seen with this exercise modality (Ogoh et al., 2002). At the onset of exercise, 
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immediate increases in HR and BP are mediated by withdrawal of vagal tone as a result of the 

upward resetting of the baroreflex by central command (Alexander et al., 1994; Ogoh et al., 2002; 

Chrysant, 2010; Kaur and Mann, 2016). In young NT adults, this response was confirmed with the 

administration of atropine, a parasympathetic blockade, which blunted the HR response within the 

first 30s of a sustained handgrip contraction (Martin et al., 1974). As exercise continues, increases 

in HR are due to sympathetic nervous activity (SNA) elicited by the exercise pressor reflex 

(Alexander et al., 1994; Chrysant, 2010; Martin et al., 1974). Mechanical and metabolic activation of 

contracting muscle afferents stimulate the cardiovascular control center (CVC) within the 

brainstem; thus, causing sympathetically-mediated increases in HR and CO and ultimately a rise in 

BP (Tschakovsky and Pyke, 2008; Kaur and Mann, 2016). Systolic and diastolic blood pressure can 

rise to values of 180 mm Hg and 115 mm Hg, respectively, during an isometric contraction at 30% 

MVC. As contractile force increases so does HR and CO; therefore, BP increases to a greater extent 

with increasing force (MacDougall, 1994). Furthermore, increases in BP are proportional to muscle 

mass and duration of contraction such that a 2-min isometric contraction at 30% MVC in the leg will 

elicit a greater increase in BP in comparison to an isometric handgrip contraction of the same 

duration and intensity (MacDougall, 1994).  

2.3 The Impact of Exercise Training on Arterial Blood Pressure 

2.3.1 Aerobic Exercise  

Multiple meta-analyses have demonstrated the effectiveness of dynamic aerobic exercise in 

lowering resting BP in NT, pre-HT and HT individuals. Evidence suggests that reductions in BP, 

following aerobic exercise training, are more prominent among pre-HT and HT individuals 

compared to their NT counterparts (Halbert et al., 1997; Kelley et al., 2001; Whelton, 2002; 

Cornelissen and Smart, 2013). Exercise-induced reductions in resting BP have been collectively 

demonstrated following a variety of aerobic training modalities (cycling, jogging and walking) at 
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various training frequencies (1 to 7 times per week), intensities (35% - 95% peak oxygen 

consumption) and durations (4 to 52 weeks). Furthermore, reductions have been observed in a 

variety of age groups (ranging from 18 to 79 years) and ethnicities (black, Hispanic, white, Asian) 

(Halbert et al., 1997; Kelley et al., 2001; Whelton, 2002; Cornelissen and Smart, 2013).  

 According to 3 meta-analyses with a focus on randomized controlled trials, aerobic exercise 

training elicits significant reductions in BP ranging from 3.5 – 4.7 mm Hg and 1.6 – 3.1 mm Hg in 

resting SBP and DBP, respectively (Halbert et al., 1997; Whelton, 2002; Cornelissen and Smart, 

2013). In an exclusively NT population, resting DBP appears to be reduced by 1.0 mm Hg to 2.33 

mm Hg (Halbert et al., 1997; Kelley et al., 2001; Cornelissen and Smart, 2013), while reductions in 

resting SBP demonstrate more variation. Changes in resting SBP of -4.7 mm Hg (Halbert et al., 

1997) and -4.04 mm Hg (Whelton, 2002) have been reported in NT subjects, whereas notably more 

modest reductions of 2.0 mm Hg (Kelley et al., 2001) and 0.75 mm Hg (Cornelissen and Smart, 

2013) have also been reported.  

2.3.2 Resistance Exercise Training  

 Meta-analytical data has revealed discernable reductions in resting SBP and DBP following 

dynamic resistance exercise training. Collectively, program durations spanned from 6 weeks to 6 

months with exercise intensities ranging from 30-100% 1-RM and reported training frequencies of 

2-3 sessions per week. Reductions in SBP appear to range from 1.8 – 4.55 mm Hg while reductions 

in DBP range from 2.7 – 3.8 mm Hg (Kelley, 1997; Kelley and Kelley, 2000; Cornelissen and Fagard, 

2005a; Cornelissen et al., 2011; Cornelissen and Smart, 2013). According to a recent meta-analysis 

that looked at 29 randomized controlled trials (RCT) involving dynamic resistance exercise, 

training-induced reductions in blood pressure appear to be greater in pre-HT individuals (-4.0 mm 

Hg SBP and -3.8 mm Hg DBP) compared to both NT and HT individuals (Cornelissen and Smart, 

2013). In NT individuals in particular, reductions in DBP of 3.4 mm Hg are comparable to those in 

pre-HT (-3.8 mm Hg); however, reductions in SBP of 0.59 mm Hg among NT individuals are 
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substantially smaller in comparison (Cornelissen and Smart, 2013). Interestingly, reductions in 

resting BP with resistance training were not found to differ significantly with respect to age, sex, 

program duration or training intensity (Cornelissen et al., 2011; Cornelissen and Smart, 2013).  

2.3.3 Isometric Exercise Training  

 Meta-analyses of the impact of isometric exercise training (IEXT) and resting BP have 

demonstrated that this modality of exercise is an effective means to produce clinically significant 

reductions in blood pressure (Owen et al., 2010; Carlson et al., 2014; Inder et al., 2016). Evidence 

from a number of prospective observational studies and randomized trials has collectively shown 

that a reduction in DBP of 2 mm Hg is associated with a 17% decrease in the prevalence of 

hypertension, a 6% reduction in the risk of coronary heart disease and a 15% reduction in the risk 

of stroke and transient ischemic attacks (Collins et al., 1990; MacMahon et al., 1990). Similar to 

aerobic exercise training, more prominent exercise-induced reductions in BP are observed in pre-

HT and HT subjects versus NT (Wiley et al., 1992; Taylor et al., 2003; Peters et al., 2006; Carlson et 

al., 2014; Inder et al., 2016). Nevertheless, studies investigating the effects of IEXT on resting blood 

pressure specifically in NT subjects indicate that IHGT effectively reduces resting BP in young (Ray 

and Carrasco, 2000; McGowan et al., 2007; Devereux et al., 2010; Owen et al.,  2010; Badrov et al., 

2013a, 2016; Garg et al., 2014; Gill et al., 2015), middle-aged (Wiley et al., 1992; Baross et al., 2012, 

2013; Badrov et al., 2016) and older NT adults (Millar et al., 2008). When performed 3-5 times a 

week, simple forms of IEXT can elicit reductions ranging from 5.20 to 10.4 mm Hg in resting SBP 

and 3.96 to 6.7 mm Hg in resting DBP (Owen et al., 2010; Carlson et al., 2014; Inder et al., 2016).  

Significant reductions in resting blood pressure have been observed in as little as 4 (Devereux et al., 

2010) and 5 weeks (Wiley et al., 1992; Ray and Carrasco, 2000; Howden et al., 2002) within this 

training modality. Reported weekly frequencies range from 3-5, with 3 sessions per week as the 

most commonly prescribed training frequency (Owen et al. 2010; Carlson et al. 2014; Millar et al. 

2014; Inder et al. 2016). Moreover, because training sessions can be as little as 11 minutes total, 
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training time accounted for as little as 33 min per week. These clinically significant and relatively 

large reductions (i.e. ranging from 10-13 mm Hg in SBP and 6-8 mm Hg in DBP) following relatively 

short periods of IEX suggest a robust effect on resting blood pressure (Owen et al., 2010; Millar et 

al., 2014). Subgroup analysis has demonstrated a larger effect of IEX on MAP based on sex (-4.133 

mm Hg in males vs. -2.29 mm Hg in females) and age (-5.51 mm Hg in subjects ≥ 45 vs. – 2.72 mm 

Hg in subjects < 45) (Inder et al. 2016).   

2.4 Post-Exercise Hypotension 

2.4.1 Overview of Post-Exercise Hypotension 

 First documented by Leonard Hill, PEH was described as the depression in BP below normal 

resting levels following muscular work (Hill, 1898). The physiological phenomenon, now more 

specifically defined as the sustained reduction in SBP and/or DBP below resting baseline values 

following a single bout of exercise (Kenney and Seals, 1993), has since been well documented 

within the literature. Post-exercise hypotension following an acute bout of either dynamic aerobic 

or resistance exercise has been detected in HT(Kaufman et al., 1987; Somers et al., 1991; Rueckert 

et al., 1996; Simão et al., 2005; Mohebbi et al., 2009, 2016), borderline HT (Floras et al., 1989; 

Somers et al., 1991; MacDonald et al., 2000a, 2000b) and NT individuals (Wilcox et al., 1982; 

Kaufman et al.,  1987; Coats et al., 1989; Somers et al., 1991; Franklin et al., 1993; Piepoli et al., 

1993; Brown et al., 1994; Isea et al., 1994; MacDonald et al., 1999a, 1999b, 2000a; Polito and 

Farinatti, 2009; Duncan et al., 2014) of all ages. Acute exercise-induced reductions in BP, however, 

do appear to be greater in HT and pre-HT individuals than in NTs (Kenney and Seals, 1993; Carpio-

Rivera, 2016). A recent meta-analysis citing 65 PEH studies with over 1400 participants overall, 

found mean reductions across the whole post-exercise measurement period (defined vaguely as the 

hours following acute exercise) in SBP of 3.75, 5.80 and 8.13 mm Hg and mean reductions in DBP of 

3.07, 5.28 and 3.02 mmHg in NT, pre-HT and HT individuals, respectively. Moreover, as shown in 
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Table 1 and 2, the average change post-exercise in blood pressure (SBP/DBP) appears to be greater 

following aerobic exercise (-6.22 mm Hg/-3.36 mm Hg) compared to resistance exercise (-3.80 mm 

Hg/-2.73 mm Hg) (Carpio-Rivera, 2016).    

2.4.2 Isometric Exercise and Post-Exercise Hypotension  

 Evidence of PEH from IEX studies (Table 3) remains inconclusive. Knowledge with respect 

to post-exercise BP responses in NT subjects is limited to 5 and 30-min time periods immediately 

following the cessation of exercise; while, commonly prescribed medications for the treatment of 

hypertension may influence the response to IEX in HT individuals. In the first study involving a 

group of older NT individuals, Millar and colleagues (2009) noted a reduction in SBP of 3 mm Hg 

following an alternating bilateral IHGX protocol; however, blood pressure responses extending past 

5 minutes post-exercise were not assessed. In the same population, Millar and colleagues (2011) 

observed similar reductions in SBP (ranging from -2 to -3 mm Hg) in response to 3 IHGX protocols, 

all varying in contraction and rest period frequency and duration. Although the post-exercise 

observation period was longer in the latter, physiological assessments were still restricted to 30-

min post-exercise window. An identical IHGX protocol that was employed in the first study 

conducted by Millar et al. (i.e. 4 x 2-min contractions, separated by 1-min rest @ 30% MVC), failed 

to elicit sustained reductions in BP  in a group of medicated HTs in the 2 hours following exercise 

(Stiller-Moldovan, 2010). Furthermore, Olher et al. (2013) were unable to detect a post-exercise 

hypotensive response within 60-min post-exercise in a sample of older HT females following 

approximately 4 minutes of IHGX at 30 and 50% MVC (4 sets of 5 x 10s contractions). Subjects in 

both studies were being treated with antihypertensive medication; therefore, these findings may 

suggest that a greater stimulus is required to evoke both a cardiovascular and PEH response in a 

population with well-controlled hypertension. Lastly, PEH did not occur in the 60-min following 

exercise in a group of obese, pre-HT subjects following the same IHGX protocol employed by Stiller-

Moldovan (Ash et al., 2017). Although subjects in this study were not receiving pharmacological 
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treatment, demographic characteristics such as, physical activity level, cardiorespiratory fitness, 

and ethnicity limit the generalizability of these findings. Taken together, these findings may suggest 

that PEH is more likely to occur following IHGX in NT versus HT individuals. To address current 

gaps, research over a longer post-exercise time course and in young NTs is needed. 

 Only one study has investigated the impact of an alternating bilateral ILX protocol on PEH. 

In a group of young, NT males, no significant hypotension was observed from 0 to 5-min 

immediately after exercise (Devereux et al., 2015). Although post-exercise blood pressure did not 

drop below baseline within the first 5 minutes following exercise; it was trending downwards, 

suggesting the possibility that the 5-min post-exercise window did not capture the nadir. Post-

exercise blood pressure responses have yet to be established beyond 5-min in NTs and at all in HTs 

following ILX; thus, highlighting an area of interest for future research.  

2.4.3 Duration of PEH 

Studies of this nature are often conducted within a laboratory setting and employ 

oscillatory methods to monitor blood pressure for up to two hours following exercise cessation 

(Kenney and Seals, 1993; MacDonald et al., 2002). The onset of PEH occurs in as little as 5 minutes 

post-exercise in NT subjects (MacDonald et al., 2000a); however, a number of studies indicate that 

the nadir in BP occurs within the first 60 minutes following exercise, most often by 30 or 45-min 

post-exercise (Kenney and Seals, 1993; MacDonald et al., 2002). Peak decrements in BP (lowest 

discrete measurement over whole post-exercise measurement interval) are reported to range on 

average from 18-20 mm Hg (SBP) and 7-9 mm Hg (DBP) in HTs and 8-10 mm Hg (SBP) and 3-5 mm 

Hg (DBP) in NTs. While peak exercise-induced reductions in arterial pressure in pre-HTs are 

reported to be 10 mm Hg in SBP and 16 mm Hg in DBP (Kenney and Seals, 1993). According to a 

number of studies, BP measures appear to subsequently return towards baseline following the 

lowest reported post-exercise values and continue to trend in this manner until the end of the 

laboratory observation period (MacDonald et al., 2002). Other studies have utilized ambulatory 
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blood pressure monitoring to assess the time course of PEH within a real-world setting (Pescatello 

et al., 1991; Brownley et al., 1996; Rueckert et al., 1996; Wallace et al., 1999; Quinn, 2000; Ash et al., 

2017). It remains somewhat controversial whether exercise-induced decrements in BP can persist 

for prolonged periods of time. The majority of studies suggest that prolonged reductions in BP 

following acute exercise occur in HT (Pescatello et al., 1991; Brownley et al., 1996; Wallace et al., 

1999; Quinn, 2000) and pre-HT subjects (Ash et al., 2017); however, these findings do not seem to 

translate to NTs. There is some evidence to suggest that PEH may be sustained for up to 13 hours 

following a single bout of exercise in HT individuals (Pescatello et al., 1991); thus, potentially 

alluding to the clinical significance of this phenomenon.  However, one study using ambulatory 

monitoring (Rueckert et al., 1996) and another, using oscillatory monitoring (Somers et al., 1991), 

were unable to detect any sustained reductions (i.e. 12 hours following exercise) in post-exercise 

BP in either NT or HT individuals.  

2.4.4 Impact of exercising Muscle Mass on PEH 

 As reviewed above, post-exercise hypotension has been identified using oscillometric 

measurements following acute bouts of aerobic (Table 1), resistance (Table 2) and (with limited 

evidence) isometric (Table 3) exercise. To date, the impact of muscle mass on PEH has been 

investigated within the aerobic and resistance exercise modalities. Exercising muscle mass appears 

to have an impact on the magnitude (Polito and Farinatti, 2009) of PEH following resistance 

exercise and the duration of PEH following aerobic exercise (MacDonald et al., 2000b). MacDonald 

and colleagues (2000b) were unable to detect a significant difference in the magnitude of PEH 

following 30 minutes of arm and leg ergometry exercise at the same relative intensity in a 

population of pre-HT subjects. However, in this study, a direct effect of muscle mass on the duration 

of the response was evident such that PEH was prolonged following leg exercise. Specifically, at 30-

min post-exercise, SBP was significantly reduced following both upper and lower limb exercise. 
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After this time point SBP in the arm trial appeared to return towards baseline, while SBP continued 

to decline in the leg trial (MacDonald et al., 2000b).  

In comparison to aerobic exercise, muscle mass does appear to be implicated in the 

magnitude of the PEH response following resistance exercise. In a randomized controlled trial, 

Polito and Farinatti (2009) investigated blood pressure responses in young, healthy males to upper 

and lower limb resistance exercise (i.e. bicep curls and leg extensions). Low- (6 sets) and high-

volume (10 sets) exercise at the same intensity (12-RM x 10 reps) was performed in both the arm 

and the leg to discern the effect of exercise volume and muscle mass on PEH. Post-exercise SBP was 

reduced compared to pre-exercise baseline values in the combined large muscle mass and high-

volume condition for the entire 60-min recovery period. Conversely, low or high volume small 

muscle mass exercise did not lead to PEH at any time point following exercise (Polito and Farinatti, 

2009). In contrast, Mohebbi and colleagues (2016) found comparable declines in SBP during 

recovery following upper limb, lower limb and whole-body resistance exercise; indicating that 

despite varying degrees of muscle mass involvement, PEH was a similar magnitude and duration. In 

this study, NT males performed 3 sets of 10 repetitions (65% 1-RM) of upper limb (shoulder press, 

lat pull down, bench press, bicep curl), lower limb (leg press, knee extension, knee flexion and 

squat) and whole-body resistance exercise (bench press, leg press, lat pull down, knee flexion) in 

addition to one control trial. An important consideration is that the upper limb resistance exercise 

protocol involved four individual upper limb exercises and likely a larger muscle mass than the 

single upper limb resistance exercise (i.e. bicep curl) that was employed in the study conducted by 

Polito and Farinatti. The lack of distinction between PEH responses in the upper and lower limb 

with resistance exercise observed in Mohebbi et al. may be due to the upper limb exercise not truly 

being comprised of a small muscle mass; therefore, making any muscle mass-dependent differences 

in PEH hard to detect with this experimental model.  
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Although few studies directly compare the effects of muscle mass on PEH, the post-exercise 

response in separate studies using large and small muscle mass can be examined in order to 

determine a potential impact of muscle mass activation. For example, a single-quadricep resistance 

exercise protocol failed to elicit PEH (Barrett-O’Keefe et al., 2013); yet, a number of resistance 

exercise studies have observed post-exercise reductions in BP (Brown et al., 1994; MacDonald et al., 

1999a; Simão et al., 2005; Mohebbi et al., 2009; Duncan et al., 2014; Mohebbi et al., 2016). This 

discrepancy is likely due to the fact that the latter protocols involved multiple muscle groups versus 

a single quadricep.   
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Table 1. Studies Examining PEH Following Acute Aerobic Exercise in Normotensives  

Reference Study 
Design 

Participants 
(n) 

Age (yrs; 
range; or 

mean) 

Exercise 
Modality 

Exercise Intensity and Duration Recovery 
Period 

Duration 
(min) 

Time of Nadir 
(min post-
exercise) 

Nadir 
 (mm Hg) 

Wilcox et al., 
(1982) 

Cohort 
controlled 

20 37 – 58  Walking Moderate (120 bpm); 50 mins 30 SBP: 25 
DBP: NP 

 in SBP 30  
 in DBP 12 

Kaufman et al., 
(1987) 

Cohort 24 19 – 29  
 

Walking Moderate (67% predicted max 
HR); 50 mins 

60 SBP: 15 
DBP: 30  

 in SBP 12  
 in DBP 5  

   35 – 62    SBP: 10 
DBP: 30 

 in SBP 10 
 in DBP 5  

Coats et al., 
(1989) 

Cohort 
controlled 

13  
(7M:6F)  

17 – 47  Cycling Maximal (100% VO2 max); until 
fatigue 

60 SBP: 60 
DBP: 5 

 in SBP 7  
 in DBP 13  

Franklin et al., 
(1993) 

Cohort  11 21.6 ± 2.2 
 

Cycling Moderate (70% VO2 max); 30 
mins 

60 MAP: 45  in MAP 4  
 

Piepoli et al., 
(1993) 

RCC 10 
(9M:1F) 

28 – 34  Cycling Maximal (100% VO2 max; until 
fatigue 

60 SBP: 45 
DBP: 5 

 in SBP 16  
 in DBP 12  

Brown et al., 
(1994)  

Cohort 7  
(5M:2F) 

20.5 ± 1.5 Cycling Moderate (70% HRR); 25 mins 60 SBP: 5-60 
DBP: 2 

 in SBP 
 in DBP 20  

Isea et al., 
(1994) 

RCC 6 24 – 34  Cycling Maximal (100% VO2 max); until 
fatigue 

240  SBP: 60 
DBP: 30 

 in SBP 11  
 in DBP 10  

MacDonald et 
al., (1999a) 

RC 10  
(6M:4F) 

35.0 ± 
16.3 

Cycling Moderate (50% VO2 max) and 
high (75% VO2 max); 30 mins 
 

60 SBP: 5 
DBP: 30 

 in SBP 8  
 in DBP 5  

MacDonald et 
al., (1999b) 

RC 13 24.3 ± 2.4 Cycling Moderate (65% VO2 max); 15 
mins 

60 SBP: 30 
DBP: 1.5-60 

 in SBP 20  
 in DBP  

MacDonald et 
al., 2000a 

Cohort 13 22 ± 0.8 Cycling  Moderate (70% VO2 max); 15, 
30 and 45 mins 

60 SBP: 45 
DBP: 45 

 in SBP 12  
 in DBP 5  
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Reference Study 
Design 

Participants 
(n) 

Age (yrs; 
range; or 

mean) 

Exercise 
Modality 

Exercise Intensity and 
Duration 

Recovery 
Period 

Duration 
(min) 

Time of Nadir 
(min post-
exercise) 

Nadir 
 (mm Hg) 

MacDonald et 
al., (2000a) 

Cohort 13 22 ± 0.8 Cycling  Moderate (70% VO2 max); 
15, 30 and 45 mins 

60 SBP: 45 
DBP: 45 

 in SBP 12  
 in DBP 5  

Barrett-O-
Keefe et al. 
2013 
 

RC 12 24.8± 1.2 Unilateral 
dynamic 
leg-kicking 

Moderate 60% peak power; 
60 mins 

60 MAP: 45 
 

 in MAP 5.9 

Buck et al., 
(2015)  

RCC 11 24 ± 5.0 Unilateral 
dynamic 
leg-kicking 

Moderate 60% peak power; 
60 mins 

60   in MAP 

 

Note. All blood pressure values reported as the mean post-exercise nadir from resting baseline. Time of nadir presented as a range 
indicates that blood pressure was similarly reduced from baseline over the recovery period. bpm beats per minute, DBP diastolic blood 
pressure, F female, HR heart rate, M male, NP not provided, NS not statistically significant, RC randomized crossover, RCC randomized 
controlled crossover, SBP systolic blood pressure.  indicates significant reduction;  indicates change was not significant.  
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Table 2. Studies Examining PEH Following Resistance Exercise in Normotensives 

Reference Study 
Design 

Participants 
(n) 

Age (yrs; 
range; or 

mean) 

Exercise 
Modality 

Exercise Intensity and 
Duration 

Recovery 
Period 

Duration 
(min) 

Time of 
Nadir 

(min post-
exercis) 

Nadir 
 (mm Hg) 

Brown et al., 
(1994)  

Cohort 7  
(5M:2F) 

20.5 ± 1.5 Arm curl 
hamstring curl, 
squat, lat pull, 
bench press 

40% 1-RM x 20-25 reps 
 

60 SBP: 2-60 
DBP: 2 
 
SBP: 2-60 
DBP: 2 

 in SBP  
 in DBP 20  

70% 1-RM x 8-10 reps  in SBP  
 in DBP 18 

MacDonald et 
al., (1999b) 

RC 13 24.3 ± 2.4 Alternating 
Unilateral leg 
press 

65% 1-RM; 15 mins 60 SBP: 30 
DBP: 1.5-60 

 in SBP 23  
 in DBP  
 

Simão et al., 
(2005) 

RC 14 22 ± 4.0 Bench press, leg 
press, lat pull, 
shoulder press, 
bicep curl 

3 sets of 6-RM of 5 exercises  60 SBP: 10 
DBP: 10-60 

 in SBP 17  
 in DBP 

3 sets of 6-RM of 6 exercises SBP: 10 
DBP: 10 

 in SBP 14  
 in DBP 4  

3 sets of 50% 6-RM of 5 
exercises x 12 reps; circuit 
format 

SBP: 10  
DBP: 10-60 

 in SBP 11  
 in DBP 

3 sets of 50% 6-RM of 6 
exercises x 12 reps; set 
repetition format 

SBP: 10 
DBP: 10-60 

 in SBP 12  
 in DBP 

Mohebbi et 
al., (2009) 

RC 10 22 ± 0.8 Bicep curl, 
hamstring curl, 
squat, lat pull, 
bench press 

3 sets of 40% 1-RM x 20 
reps  

90 SBP: 30 
DBP: 15-60 

 in SBP 7  
 in DBP 
*same across 
all conditions 
 

 

3 sets of 80% 1-RM x 10 
reps 

 SBP: 50 
DBP: 15-60 

6 sets of 40% 1-RM x 20 
reps 

 SBP: 20 
DBP: 15-60 

6 sets of 80% 1-RM x 10 
reps 

 SBP: 40 
DBP: 15-60 
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Reference Study 

Design 
Participants 

(n) 
Age (yrs; 
range; or 

mean) 

Exercise Modality Exercise Intensity and 
Duration 

Recovery 
Period 

Duration 
(min) 

Time of 
Nadir 

(min post-
exercise) 

Major 
Findings 
(mm Hg) 

Polito & 
Farinatti,  
(2009) 

RCT 24 23 ± 1.0 Bicep curl, leg 
extension 

6 sets of 12-RM x 10 reps in 
arm  

60 SBP: 40 
DBP: 10 
 
SBP: 40 
DBP: 10 

 in SBP  
 in DBP  

 in SBP  
 in DBP  

10 sets of 12-RM x 10 reps in 
arm 

6 sets of 12-RM x 10 reps in 
leg  

SBP: 50 
DBP: 10 

 in SBP  
 in DBP  

10 sets of 12-RM x 10 reps in 
leg 

SBP: 10 
DBP: 30 

 in SBP 11  
 in DBP  
 

Duncan et al., 
(2014) 

RC 16 23.1 ± 5.9 Squat, bench 
press, deadlift 

3 sets of 60% 1-RM x 8 reps 60 SBP: NP 
DBP: NP  

 in SBP  
 in DBP 

3 sets of 80% 1-RM x 4 reps  SBP: 50 
DBP: NP 

 in SBP 5  
 in DBP 

Barrett-O-
Keefe et al., 
(2015) 
 

RC 12 24.8± 1.2 Unilateral knee-
extension 

3 sets of 80% peak torque x 
8 reps 

   in MAP 

Mohebbi et 
al., (2016) 

 12 23.7 ± 1.4 Shoulder press, lat 
pull, bench press 
bicep curl 

3 sets of 65% of 1-RM x 10 
reps 

60 SBP: 30 
DBP: 45 

 in SBP 10  
 in DBP 3  
 

    Leg press, knee 
extension, knee 
flexion, squat 

3 sets of 65% of 1-RM x 10 
reps 

 SBP: 30 
DBP: 30 

 in SBP 10  
 in DBP 4 

Note. All blood pressure values reported as mean post-exercise nadir from resting baseline. Time of nadir presented as a range indicates 
that blood pressure was similarly reduced from baseline over the recovery period. DBP diastolic blood pressure, F female, HR heart rate, 
M male, NP not provided, RM repetition maximum, RC randomized crossover, SBP systolic blood pressure.  indicates significant 
reduction;  indicates change was not significant. 
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Table 3. Studies Examining PEH Following Isometric Exercise in Normotensives and Hypertensives 

Reference Study 
Design 

Participants 
(n) 

Age (yrs; 
range; or 

mean) 

Exercise 
Modality 

Exercise Intensity and 
Duration 

Recovery 
Period 

Duration 
(min) 

Time of Nadir 
(min post-
exercise) 

Major 
Findings 
(mm Hg) 

Millar et al., 
(2009) 
 

RC 18 NT 
(9M:9F) 

70 ± 5.0 Handgrip Alternating bilateral  
4 x 2-min, 1-min rest periods, 
30% MVC 

5 SBP: 5 
DBP: 0-5 

 in SBP 3  
 in DBP 

Stiller-Moldovan 
et al., (2010) 
 

RCT 25 HT 
(12M:13F) 

61 ± 7.6 Handgrip Alternating bilateral  
4 x 2-min, 1-min rest periods, 
30% MVC 

120 SBP: 0-120 
DBP: 0-120 

 in SBP  
 in DBP 

Millar et al., 
(2011) 

RC 12 NT 
(8M:4F) 

70 ± 5.0 Handgrip Alternating bilateral 
4 x 2-min, 1-min rest periods 
8 x 1-min, 30s rest periods  
16 x 30s, 15s rest periods  
30% MVC (all)  

30 SBP: 5-15 
 

 in SBP  
 

Olher et al.,  
(2013) 
 

RCC 12 HT 
(F) 

64 ± 1.0 Handgrip  Unilateral 
4 sets 5 x 10s, 30 and 50% 
MVC 

60 SBP: 0-60 
DBP: 0-60 

 in SBP 
 in DBP 

Devereux et al., 
(2015)  

RCC 13 NT 21 ± 2.0 Knee 
Extension 

Alternating bilateral 
4 x 2-min, 3-min rest periods,  
22% MVC  

5 SBP: 0-5 
 

 in SBP  
 

Ash et al., (2017) RCC 27 pre-HT 18- 55  Handgrip Alternating bilateral  
4 x 2-min, 1-min rest periods, 
30% MVC 

60 SBP: 0-60 
DBP: 0-60 

 in SBP 
 in SBP 

All blood pressure values reported as mean post-exercise nadir from resting baseline. Time of nadir presented as a range indicates that 
blood pressure was similarly reduced from baseline over the recovery period. DBP diastolic blood pressure, F female, HT hypertensive, M 
male, MVC maximal voluntary contraction, NT normotensive; pre-HT pre-hypertensive; RM repetition maximum, RC randomized 
crossover, SBP systolic blood pressure.  indicates significant reduction;  indicates change was not significant. 
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2.5 Mechanisms of Post-Exercise Hypotension  

2.5.1 Resetting of the Baroreflex and Associated Sympathoinhibition (Figure 1.) 

Blood pressure is closely monitored and tightly regulated by a negative feedback system 

known as the arterial baroreflex. Specialized sensors within this system (i.e. baroreceptors) are 

found in the carotid sinus and in the aortic arch, and respond to stretching of the arterial wall. 

When BP rises, the expansion of the vessel walls is sensed by the baroreceptors, which increases 

the rate of firing of action potentials; thus, transmitting signals to the cardioregulatory center 

within the central nervous system (Tschakovsky and Pyke, 2008; Mooren, 2012). Increased 

baroreceptor activity reflexively inhibits sympathetic drive and increases parasympathetic 

stimulation to the heart and blood vessels; thereby, leading to decreases in HR, SV and TPR, 

ultimately lowering blood pressure. Conversely, a drop in BP elicits the opposite effect. In summary, 

the baroreflex responds to acute changes in blood pressure and acts in a way to restore BP to a 

normal level or its “set point." During exercise, both central command and the pressor reflex work 

to reset the baroreflex at a higher operating point proportional to workload (Raven et al., 2006; 

Sheriff, 2006). Moreover, the baroreflex is thought to reset to a lower level following exercise due to 

greater sympathoinhibition; thus, contributing to PEH (Halliwill et al., 1996b; Halliwill et al., 2013).  

Research in animal models has provided mechanistic insight into arterial baroreflex 

resetting during and following exercise (Raven et al., 2006). Input from baroreceptor and skeletal 

muscle afferents during exercise is conveyed to the cardiovascular and vasomotor control centers 

located in the medulla, which results in the release of substance P within the nucleus tractus 

solitarius (NTS). Substance P is a neurokinin-1 receptor (NK-1R) agonist that when bound to 

GABAergic interneurons in the NTS leads to the release of gamma-amino butyric acid (GABA). This 

inhibitory neurotransmitter exerts its effects on second order barosensitive neurons, which 

transmit information from baroreceptor afferents to the central ventrolateral medulla (CVLM). 
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Reduced excitability of the second order neurons translates to reduced inhibition of sympathetic 

premotor neurons in the rostral ventrolateral medulla (RVLM) and, therefore, increased 

sympathetic outflow during exercise (Chen et al., 2002, 2009). Several studies have demonstrated 

this upward resetting of the baroreflex during exercise in humans (Melcher and Donald, 1981; 

Norton et al., 1999; Gallagher et al., 2001; McIlveen et al., 2001). There is also evidence to suggest 

that the arterial baroreflex is reset at a lower operating point following exercise; thus, contributing 

to PEH (Halliwill et al., 1996b). This response is thought to be the result of sympathoinhibition due 

to NK-1R internalization on the GABAergic interneurons in the NTS (Chen et al., 2009). Receptor 

internalization is stimulated by the binding and subsequent activation of NK-1Rs via substance P 

that is released from skeletal muscle afferents during exercise (Chen and Bonham, 2010). 

Consequently, Neurokinin-1 receptors become less available for binding with exercise; therefore, 

diminished inhibitory input from GABAergic neurons to second order barosensitive neurons leads 

to reduced sympathetic outflow from the RVLM and overall decreased SNA following exercise 

(Chen et al., 2009; Halliwill et al., 2013).    
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Figure 1. Baroreflex resetting during post-exercise hypotension. Substance P is released by skeletal 
muscle afferents in the nucleus tractus solitarius (NTS) during exercise. Binding and subsequent 
activation of neurokinin-1 receptors (NK-1R), by substance P, leads to receptor internalization 
within GABAergic interneurons in the NTS. Disinhibition of the second-order barosensitive 
interneurons leads to increased output from the NTS to the caudal ventrolateral medulla (CVLM); 
thereby, increasing inhibition to the rostral ventrolateral medulla (RVLM). Greater RVLM inhibition 
translates to less stimulation of sympathetic efferents located in the intermediolateral cell column 
(IML) of the spinal cord; ultimately, leading to reduced sympathetic nervous activity (SNA) and 
lower blood pressure following exercise. CVLM caudal ventrolateral medulla; IML intermedi-
olateral cell column of the spinal cord; NTS nucleus tractus solitarius; RVLM rostral ventrolateral 
medulla. Adapted from “Postexercise hypotension and sustained Postexercise vasodilation: what 
happens after we exercise?” by J. Halliwill, T. Buck, A Lacewell and S. Romero, 2013, Experimental 
Physiology, 98, p.9. 
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2.5.2 Blunted Sympathetic Signal Transduction  

In addition to changes in baroreflex control of sympathetic outflow, blunted transduction of 

sympathetic signals into vascular resistance is also thought to contribute to PEH (Halliwill et al., 

1996b). Employing a fatiguing IHGX protocol as a sympatho-excitatory stimulus, Halliwill and 

colleagues (1996b) assessed vascular resistance in a group of young, healthy NT individuals prior 

to and following an acute bout of aerobic exercise. A strong linear relationship was evident between 

muscle sympathetic nervous activity (MSNA) and vascular resistance; therefore, this was used as an 

indicator of sympathetic signal transduction. In comparison to an equivalent period of rest, the 

slope of this relation was markedly attenuated post-exercise, such that any increase in MSNA 

elicited a smaller change in vascular resistance; thus, indicating impaired transduction of 

sympathetic nerve activity into vascular resistance (Halliwill et al., 1996b). In a later study, Halliwill 

and colleagues (2003) sought to determine whether this impairment was due to exercise-induced 

alpha-adrenergic hyporesponsiveness. However, similar or enhanced vasoconstrictor responses to 

the administration of an α1-receptor and α2-receptor agonist in a young, healthy population 

demonstrated that alpha-adrenergic receptor responsiveness is maintained during PEH; therefore, 

suggesting that the ineffective transduction is not likely due to a post-synaptic mechanism but 

rather a presynaptic one (Halliwill et al., 2003). Other explanations, for this observation include 

inhibition or reduced release and/or altered reuptake of norepinephrine (Halliwill et al., 2003, 

2013).  

2.5.3 Sustained Post-Exercise Vasodilation  

 Cardiac output declines rapidly following an acute bout of dynamic aerobic exercise; 

meanwhile, exercise-induced changes in systemic resistance do not subside immediately (Halliwill 

et al., 1996a; Halliwill, 2001). Local vasodilation persists in the vascular beds perfusing previously 

active muscle (Halliwill, 2001); this phenomenon is referred to as sustained post-exercise 

vasodilation and can last for 1-2 hours after exercise (Coats et al., 1989; Cléroux et al., 1992; Isea et 
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al., 1994; Halliwill et al., 1996a). Earlier studies aimed at identifying the underlying mechanism of 

this persistent peripheral vasodilation investigated the potential role of vasoactive substances such 

as nitric oxide (NO), prostaglandins (PG) and histamine. Exercise-induced increases in blood flow 

and shear stress (frictional force exerted by the blood on the endothelium) in addition to the 

release of catecholamines can stimulate the upregulation of NO (Raitakari and Celermajer, 2000; 

Jungersten et al., 2013). Therefore, Halliwill and colleagues postulated that the effects of NO could 

be responsible for the sustained vasodilatory response following acute exercise in humans. Nitric 

oxide synthase inhibition, however, failed to prevent a sustained vasodilatory response during 

exercise recovery in young, NT individuals (Halliwill et al., 2000). Similarly, the inhibition of 

cyclooxygenase, an important catalyst in the conversion of arachidonic acid into prostaglandins, did 

not affect the magnitude of post-exercise vasodilation following an acute bout of dynamic aerobic 

exercise (Lockwood et al., 2005a). These findings, therefore, suggest that this persistent 

vasodilatory response is neither NO nor PG-dependent in this population.  

 Histamine is stored and released from granules found within tissue mast cells and basophils 

in the blood. Physical stimuli associated with exercise, such as heat and vibration,  provoke the 

release of histamine (Atkinson, 1992). Recent evidence suggests that activation of H1 and H2 

histamine receptors mediate post-exercise vasodilation in sedentary, recreationally active and 

endurance-trained men and women following dynamic large- (Lockwood et al., 2005b; McCord and 

Halliwill, 2006; McCord et al., 2006; Pellinger et al., 2010) and small-muscle mass exercise (Barrett-

O’Keefe et al., 2013) . Studies have collectively shown that H1, H2 and combined receptor antagonists 

(i.e. fexofenadine, ranitidine) markedly reduce post-exercise vasodilation resulting in a blunted 

PEH response; therefore, confirming that histamine-receptor activation contributes to aerobically-

induced PEH (McCord and Halliwill, 2006). Barrett-O’Keefe and colleagues (2013) were unable to 

reproduce similar findings of histamine receptor activation following small-muscle mass resistance 

exercise. An average reduction in MAP of 3.9 ± 1.0 mm Hg and a concomitant increase of 27.2 ± 
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8.4% in leg vascular conductance was observed 60-min following single-leg dynamic knee-

extension exercise; yet, no PEH nor sustained post-exercise vasodilation was observed following 

resistance exercise involving a similar muscle mass (Barrett-O’Keefe et al., 2013). Based on these 

findings, it was suggested that histamine receptor activation occurs following dynamic aerobic 

exercise, but not resistance exercise (2013).  

2.5.4 Compartmental Volume Shifts 

Exercise-induced changes in blood volume directly impact BP. During exercise, a reduction in 

blood volume occurs due to compartmental volume shifts of water, which can be attributed to 3 main 

factors: 1) perspiration, 2) changes in intramuscular osmotic pressure and 3) increases in blood pressure 

(Bush et al. 1999). Increases in muscle contractility and metabolic rate during exercise generates heat 

within the body; thus, resulting in a rise in core body temperature (Cleeson, 1998). An increase in the 

body’s core temperature is sensed by thermoreceptors located in the skin and hypothalamus, which 

initiates heat loss mechanisms, such as cutaneous vasodilation and sweating. Activation of the sweat 

glands and increased blood flow to the skin allows increased evaporative, radiative and convective heat 

loss; ultimately limiting further rises in body temperature (Cleeson, 1998; Brooks et al., 2004). 

Furthermore, during acute aerobic (Fortney et al., 1981) and resistance (Collins et al., 1989; Bush et al., 

1999; Rezk et al., 2006) exercise, water from the vascular compartment is forced into the intracellular 

and interstitial spaces. First, the accumulation of metabolic byproducts (from aerobic and anaerobic 

respiration) in the skeletal muscle, increases the osmotic gradient; therefore, pulling water from the 

vascular compartment into the muscle. Second, exercise and the resultant increase in BP creates a greater 

driving pressure for flow out of the capillaries. As a result of these 3 processes, reduced blood volume 

may account for reductions observed in stroke volume (Hagberg et al., 1987) following acute aerobic 

exercise; therefore, contributing to PEH.  
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2.6 Summary and Conclusion  

 

 Post-exercise hypotension refers to the reduction in resting blood pressure below baseline 

levels following an acute bout of exercise. It has been widely reported in HT (Wilcox et al., 1982; 

Kaufman et al., 1987; Somers et al., 1991; Rueckert et al., 1996), pre-HT (Floras et al., 1989; Somers 

et al., 1991; MacDonald et al., 2000b, 2002) and NT individuals (Wilcox et al., 1982; Kaufman et al., 

1987; Coats et al., 1989; Somers et al., 1991; Franklin et al., 1993; Piepoli et al., 1993; Brown et al., 

1994; Isea et al., 1994; MacDonald et al., 1999a, 1999b, 2000a; Polito and Farinatti, 2009; Duncan et 

al., 2014). A downward resetting of the arterial baroreflex, a resultant decline in sympathetic 

outflow, impaired sympathetic signal transduction and sustained post-exercise vasodilation 

(primarily histamine-receptor mediated) are all thought to be contributing mechanisms to the 

hypotensive response following exercise (Halliwill et al., 2013). Understanding PEH and how it is 

mediated by different exercise modalities can provide insight into basic blood pressure regulation. 

Further investigations may help elucidate the underlying mechanisms of the phenomenon and how 

they may carry over to long-term changes in pressure regulation. Moreover, PEH may offer a 

window of reduced exposure to the damaging effects of hypertension and subsequent cardiac 

events.  

Although the impact of aerobic and resistance exercise on PEH have been well-documented, 

little investigation has been done with respect to blood pressure responses following acute IEX. 

Existing evidence is conflicting with two studies showing immediate PEH following an acute bout of 

IHGX in older, NT individuals; yet, failing to obtain measurements beyond 5 (Millar et al., 2009) and 

30 minutes (Millar et al., 2011) post-exercise. Other studies indicate that IHGX does not elicit PEH 

at all in HT individuals (Stiller-Moldovan, 2010; Olher et al., 2013). The impact of ILX on PEH has 

only been assessed in the first 5 minutes following exercise, and this limited evidence suggests that 

alternating bilateral ILX does not lead to PEH during this time window in young NT subjects 
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(Devereux et al.,  2015). It has been suggested that the downward resetting of the baroreflex and 

associated sympathoinhibition is proportional to muscle mass activation (Halliwill et al., 2013), 

Furthermore, there is some evidence that the magnitude and/or duration of PEH is muscle mass 

dependent following aerobic or resistance exercise (MacDonald et al., 2000b; Polito and Farinatti, 

2009). An exploration of the impact of muscle mass on the ability of IEX to elicit PEH is absent from 

the literature. It is, possible that IHGX does not involve enough muscle mass to provoke a consistent 

PEH response or alternatively, that ILX has the potential to produce greater PEH than small muscle 

mass IHGX. The first investigation of the impact of muscle mass on PEH following an acute bout of 

IEX is described in the following chapter.  
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Chapter 3 

No Evidence of Post-Exercise Hypotension Following Isometric Handgrip 

or Leg Extension 

3.1 Introduction 

It is well-established that chronic aerobic (Halbert et al., 1997; Kelley G A, Kelley and Vu 

Tran, 2001; Whelton, 2002; Cornelissen and Fagard, 2005b; Brook et al., 2013), resistance (Kelley G 

A, 1997; Kelley G A and Kelley, 2000; Cornelissen and Fagard, 2005a; Cornelissen et al., 2011; 

Cornelissen and Smart, 2013) and isometric (Cornelissen and Smart, 2013; Carlson et al., 2014; 

Millar et al., 2014; Inder et al., 2016b) exercise training can significantly reduce resting blood 

pressure (BP). Isometric exercise (IEX) involves static contractions against an immovable load 

where no or minimal change in length occurs within the engaged muscle group (Carlson et al., 

2014; Millar et al., 2014). This modality of exercise has received considerable attention because it is 

relatively easy and time-efficient, and protocols that have been successful in lowering BP typically 

involve only four 2-min contractions performed at 30-50% maximal voluntary contraction (MVC). 

These contractions are separated by a defined period of rest, which ranges from 1 to 4-min (Millar 

et al., 2014). 

In addition to reductions in chronic blood pressure following training,  a single bout of 

aerobic (Wilcox et al., 1982; Kaufman et al.,  1987; Coats et al., 1989; Floras et al., 1989; Somers et 

al., 1991; Franklin et al., 1993; Piepoli et al., 1993; Isea et al., 1994; Rueckert et al., 1996; 

MacDonald et al., 1999a, 1999b, 2000b) or resistance (Brown et al., 1994; MacDonald et al., 1999a; 

Simão et al., 2005; Mohebbi et al., 2009; Polito and Farinatti, 2009; Duncan et al.,  2014; Mohebbi et 

al., 2016) exercise can lead to a temporary drop in BP in the time period following exercise; a 

phenomenon referred to as post-exercise hypotension (PEH). Understanding PEH is of interest for 
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the prevention of negative post-exercise outcomes, such as symptoms of orthostatic intolerance, 

including dizziness, fatigue and syncope. Moreover, in addition to providing transient periods of 

relief from elevated BP, there is some evidence to suggest that the magnitude of PEH can predict the 

long-term benefits of exercise training (Liu et al., 2012; Hecksteden et al.,  2013). Therefore, PEH 

may have clinical implications for individuals prone to exercise-induced syncope as well as those 

suffering from hypertension. In contrast to aerobic and resistance exercise, research regarding the 

ability of IEX to elicit PEH is limited.  

In studies performed in pre-hypertensive (pre-HT) and hypertensive (HT) subjects, PEH 

does not appear to occur within the first 2 hours following a single session of  isometric handgrip 

exercise (IHGX) (Stiller-Moldovan, 2010; Olher et al., 2013; Ash et al., 2017). In the three studies 

that provide insight regarding PEH following isometric exercise in normotensive (NTs) subjects BP 

was only assessed for 5-min (Millar et al., 2009; Devereux et al., 2015) and 30-min (Millar et al., 

2011)  following exercise cessation.  Millar and colleagues (2009) reported a 3 mm Hg reduction in 

systolic blood pressure (SBP) in the 5-min following IHGX in a group of older NT subjects (mean age 

70 ± 5 years). In a follow up study, a reduction in SBP of 2 to 3 mm Hg was observed in the same 

population within 15-min following 3 different IHGX protocols (Millar et al., 2011). In contrast, 

isometric leg exercise (ILX), failed to evoke a post-exercise hypotensive response in young NT 

subjects in the first 5-min following exercise (Devereux et al., 2015). Peak decreases in BP following 

aerobic and resistance exercise occur most often by 30 or 45-min post exercise (Kenney and Seals, 

1993; MacDonald et al., 2002); therefore, the 5 and 30-min post-exercise window that has been 

examined in NTs provides somewhat limited insight regarding the potential for PEH and 

assessment of BP for 60 min post IEX is needed to fully characterize the response.  

There is some evidence to suggest that the magnitude and/or duration of PEH is 

proportional to the muscle mass involved in aerobic (MacDonald et al., 2000) and resistance (Polito 

and Farinatti, 2009) exercise. For example, a single-quadricep resistance exercise protocol failed to 
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elicit PEH (Barrett-O’Keefe et al., 2013); however, several resistance exercise studies employing 

multiple muscle groups have observed post-exercise reductions in BP (Brown et al., 1994; 

MacDonald et al., 1999a; Simão et al., 2005; Mohebbi et al., 2009; Duncan et al., 2014; Mohebbi et 

al., 2016). Furthermore, the mechanisms implicated in PEH, including sustained vasodilation in the 

active muscle bed (McCord and Halliwill, 2006; Barrett-O’Keefe et al., 2013) and downward 

resetting of the baroreflex, are sensitive to the magnitude of involved muscle mass (Raven et al., 

2006; Chen and Bonham, 2010; Halliwill et al., 2013). This suggests that compared to isometric 

handgrip exercise, isometric leg exercise which employs a larger muscle mass may have a greater 

potential to stimulate PEH. 

With this as a background, the objectives of this study are twofold: 1) to determine whether 

an acute bout of IHGX elicits PEH within 1-hr following exercise in young NT males and 2) to 

investigate the impact of muscle mass on PEH by comparing BP responses to small (IHGX) and large 

(ILX) muscle mass IEX. Based on the current evidence in older NT, it is hypothesized that PEH will 

occur following a single session of IHGX. Furthermore, given that ILX involves a larger muscle mass 

than IHGX, it is hypothesized that ILX will elicit a greater magnitude of PEH.   A greater 

understanding of how different modalities of exercise mediate PEH is of importance for the basic 

understanding of BP regulation and to enable leveraging the most benefit from interventions 

geared toward BP control. 

3.2 Methods 

3.2.1 Participants 

Twenty-one healthy, normotensive (i.e. <140 mmHg/<90 mmHg) men ranging from 18 to 

30 years of age were recruited from the Queen’s University community (Kingston, Ontario). The 

study protocol was approved by the Health Sciences Research Ethics Board at Queen’s University. 
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Written informed consent was obtained from all participants prior to participation in the study, on 

forms approved by the same board.  

 Individual eligibility was assessed in an initial screening visit based on a self-reported 

medical and a 7-day physical activity recall questionnaire. Height and weight were assessed in 

addition to resting blood pressure, which was obtained in a seated position using an automated 

blood pressure (BP) monitor (BpTRU Medical Devices, Coquitlam, British Columbia, Canada). 

Participants that presented at the time of screening with either hyper- (resting SBP of ≥ 140 mmHg 

and/or DBP of ≥ 90 mmHg) or hypotension (resting SBP of < 90 mm Hg and/or DBP of < 60 mm Hg) 

were ineligible for the study. Additional exclusion criteria included: reported use of 

antihypertensive medications and/or anti-depressants, current use of cigarettes, any physical 

limitations preventing performance of isometric handgrip or leg exercise and/or engagement in 

more than 5 structured exercise sessions per week.  Eligible participants were familiarized with all 

testing procedures and equipment. Participants were instructed to have abstained from food 

(4hrs), caffeine (12hrs), alcohol (24hrs) and exercise (48hrs) prior to each visit.  

3.2.2 Experimental Design 

All participants completed 2 separate experimental visits (1 control condition, 1 handgrip 

exercise condition), which were separated by at least 48hr. In a subset of twelve participants, an 

additional leg exercise visit was conducted, for a total of 3 experimental visits. All experimental 

visits took place in a temperature-controlled room (19-23°C) between 1200 and 1700 hours and all 

visits for a single participant were performed with the same start time (±1h).  Exercise visits 

consisted of a single session of either IHGX or ILX while the control visit involved an equivalent 

period of rest. The same protocol was followed in all 3 visits, with order of conditions 

counterbalanced between participants.  

 Upon arrival at the laboratory, participants were instructed to assume a seated position and 

instrumented for BP and heart rate (HR). Due to a technical error in relation to saving a file, only 20 
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participants have complete HR data. Participants rested for a period of 10-min before BP was 

obtained according to the American College of Sports Medicine (ACSM) recommendations for pre-

exercise evaluation of BP (Pescatello, 2014). After baseline BP was established, participants 

performed an 11-min bout of isometric exercise with either the hands or the legs or sat for an 

equivalent period of rest. Heart rate was monitored throughout the duration of exercise and rest. 

Discrete SBP and DBP measurements were taken at minutes 1-2, 3-5, 6-8 and 9-11 of the exercise 

or control protocol. These time points correspond with contraction 1, 2, 3 and 4, respectively in the 

exercise conditions. Data during the resting control period are only available in the subset of 12 

participants who also performed the ILX protocol. Post-exercise/control-rest BP was assessed at 

four defined time-points: 15, 30, 45 and 60 min in all participants (Fig.2).    
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Figure 2. Protocol Timeline. Each visit 11-min of isometric exercise (IEX) (handgrip or leg extension) or 

an equal period of rest (CON) was performed such that the order of these visits was counterbalanced 

between participants. Four discrete BP assessments, consisting of 2 automated measures each, were taken 

and averaged at minute 1-2, 3-5, 6-8 and 9-11 during the exercise or control protocol.  Participants were 

monitored for an hour thereafter, with 5 post-exercise blood pressure measurements obtained and 

averaged at 15, 30, 45 and 60 min following acute isometric exercise.  BP: blood pressure; BSL: baseline; 

CON: control; EX: exercise; IEX: isometric exercise 
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3.2.3 Experimental Procedures 

3.2.3.1 Heart Rate 

Heart rate was monitored continuously via 3-lead electrocardiography and data-acquisition 

software (LabChart, ADInstruments, Colorado Springs, Colorado, United States). Resting HR was 

reported as a one-minute average at the end of the initial 10 min rest period. HR responses for each 

condition were taken as two-minute averages at the following time points: 1-2-min, 3-5-min, 6-8-

min, and 9-11-min, which corresponded with the timing of each isometric contraction in the 

exercise protocol. Post-exercise HR at 15, 30, 45 and 60-min was expressed as a one-minute 

average.  

3.2.3.2 Blood Pressure  

Arterial BP (SBP and DBP) was measured in the seated position in the brachial artery of the right 

arm using an automated BP monitor (BpTRU Medical Devices, Coquitlam, British Columbia, Canada 

or BIOS Medical, Newmarket, Ontario, Canada). To determine resting (baseline) blood pressure a 

total of 6 BP measurements, each separated by 1 min, were obtained following 10 minutes of seated 

rest. The first measurement was discarded to establish a resting baseline blood pressure from the 

average of the remaining 5 measures. The same procedure was followed to obtain post-

exercise/control-rest BP measurements where measurements were initiated at 13, 28, 43 and 58 

minutes in order to center each measurement cycle around the designated post-exercise/control-

rest time points (15, 30, 45 and 60 min). Two discrete measurements were also taken and averaged 

during the time corresponding to each isometric contraction in order to characterize the BP (SBP 

and DBP) response to exercise. The difference between the lowest recorded post-exercise/control 

rest BP and baseline BP was used to find nadir (BP).  

3.2.3.3 Rate of Perceived Exertion  
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Subjective assessments of perceived exertion for the IHGX and ILX conditions were 

collected at the end of each contraction using the Borg Rate of Perceived Exertion 0-10 Modified 

Scale. Participants were asked to rate the last 30s of each isometric contraction, with 0 representing 

no exertion and 10 being a maximal level of exertion.  

Isometric Handgrip Exercise Protocol 

 The IHGX protocol was executed with the aid of an automated Zona Plus Series 2 device 

(Zona Health Inc., Boise, Idaho, United States). All data was acquired with participants in a seated 

position with back support and feet flat on the floor. During each contraction, the exercising arm 

(alternating between right and left with each contraction) was bent at a 90° angle with the elbow 

supported on an adjacent table. An automated BP cuff was placed on the non-exercising arm (also 

alternating with each contraction) that was situated in a resting position at heart level. At the onset 

of exercise one maximal voluntary contraction (MVC) of ~2s in duration was performed in the right 

and left hand. The protocol consisted of four 2-min alternating unilateral contractions at 30% MVC 

separated by a 1-min rest period (Fig. 3). Participants were provided with visual and auditory 

feedback, from the Zona device and investigators in order to maintain each contraction at the 

desired intensity. Upon completion of the protocol, the device provided a compliance score that 

represented the accuracy of maintaining the desired contraction intensity for the required amount 

of time.   

3.2.3.4 Isometric Leg Exercise Protocol  

Isometric leg extension exercise consisted of isometric quadriceps contractions attempting 

leg extension against a rigid strap attached to a force transducer (Interface Inc., Scottsdale, Arizona, 

United States) with force data recorded in Labchart (ADInstruments, Colorado Springs, Colorado, 

United States). Exercise was performed in a seated position with the back supported and arms 

resting in a neutral position beside the torso. The legs were positioned such that the knee was bent 

at 90° and feet were resting flat on an elevated support. One MVC of a ~2s duration was performed 
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on the right and subsequently the left leg at the onset of exercise. The protocol was identical in 

timing and relative intensity to the IHGX protocol and consisted of a series of four 2-min alternating 

unilateral contractions at 30% MVC, separated by 1-min of rest (Fig. 3). Participants were verbally 

coached to maintain each contraction at 30% MVC in addition to receiving visual targeting feedback 

from Labchart.  
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Figure 3. Isometric exercise protocol performed with either handgrip or quadriceps contractions. 
Isometric handgrip or isometric leg extension exercise was preceded by two maximal voluntary 

contractions on the right and subsequently the left exercising limb. Exercise consisted of four 2-min 

alternating unilateral isometric contractions separated by 1 minute of rest. Each session was 11 minutes 

total in duration. MVC: maximal voluntary contraction 
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3.2.4 Statistical Analysis  

All statistical analysis was performed using IBM SPSS, Version 20 (SPSS Inc., Chicago, IL, 

USA) or Sigma Plot 11 software (Systat Software Inc., San Jose, CA). All data is presented as mean ± 

standard deviation (SD). An alpha level of p < 0.05 was considered to be statistically significant. In 

all participants (n=21) a two-way repeated measures analysis of variance (ANOVA) with factors 

condition (control, IHGX) and time (BSL and 4 exercise time points) was used to explore the 

cardiovascular responses (SBP, DBP and HR) to isometric exercise. Post-exercise SBP, DBP and HR 

responses were also evaluated using a two-way ANOVA with repeated measures, with factors 

condition (control, IHGX) and time (BSL, 15, 30, 45 and 60-min post-exercise). Significant main 

effects were explored with the Tukey post hoc test. In the subset of 12 participants who also 

performed ILX, these tests were repeated with the addition of the ILX condition (conditions: 

control, IHGX and ILX). Additionally, a two-way repeated measures ANOVA with factors condition 

(IHGX, ILX) and time (contraction 1, 2, 3 and 4) was used to analyze the RPE during IEX in this 

subset of participants.  

Linear regression analysis was used to explore the relationship between baseline systolic 

and diastolic BP and the post-exercise nadir, as well as the association between peak BP (SBP and 

DBP) during exercise and the post-exercise nadir.   Linear regression analysis was also used to 

explore the relationship between responses in the IHGX and ILX conditions. 

3.3 Results  

3.3.1 Subject Characteristics  

A total of 21 participants with a mean age of 24.1 ± 3.5 years and BMI 25.6 ± 2.7 kg/m2 

participated in the control and IHGX conditions of this study. A subset of 12 participants with a 

mean age of 23.7 ± 3.5 years and BMI of 25.8 ± 3.1 kg/m2 completed all 3 conditions (control, IHGX, 
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ILX). The average compliance score for IHGX was 90.7 ± 4.64%. The average maintained MVC 

during ILX was 29.05 ± 6.25%. One participant was screened out due to high resting baseline BP. 

3.3.2 Responses during IEX  

3.3.2.1 Heart Rate  

3.3.2.1.1 IHGX vs. Control (n=20) 

 No significant differences in HR were detected at baseline between conditions. There was a 

statistically significant interaction between time and condition (p = 0.021). HR increased 

significantly during exercise in the IHGX condition but not the control condition (Fig. 4A). Post hoc 

testing revealed that all exercise time points in the IHGX condition were higher than baseline (p ≤ 

0.017).  

3.3.2.1.2 Subset with ILX comparison (n=12) 

 No significant differences in HR were detected at baseline between conditions. There was a 

statistically significant interaction between time and condition (p < 0.001). HR was increased 

significantly from baseline in the ILX condition throughout exercise. Post hoc testing revealed that 

all exercise time points were higher than baseline (p < 0.001). During IHGX HR was significantly 

elevated from baseline only during contraction 4 (p = 0.030). HR was not elevated from baseline in 

the control condition. HR was significantly higher in the ILX versus the IHGX and control condition 

throughout exercise, with post hoc testing revealing that all ILX time points were higher vs. IHGX 

and control (all contractions, p ≤ 0.001) (Fig. 4B).  

3.3.2.2 Systolic Blood Pressure  

3.3.2.2.1 IHGX (n=21) 

 A significant increase in SBP occurred during exercise following IHGX (all contractions > 

than baseline, p < 0.001) (Fig. 5A). 
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3.3.2.2.2 Subset with ILX comparison (n=12)  

 SBP did not differ between conditions at baseline. There was a statistically significant 

interaction between time and condition (p < 0.001). Post hoc analysis revealed that all exercise time 

points were greater than baseline in the IHGX (all contractions, p < 0.001) and ILX (all contractions, 

p < 0.001) conditions, but not in the control condition. SBP increased to a greater extent with ILX vs. 

control and IHGX (all contractions p ≤ 0.021) and with IHGX vs. control (all contractions p = ≤ 

0.002). During ILX SBP also increased progressively over time such that it was significantly higher 

during contraction 3 (p = 0.005) and 4 (p = 0.0014) compared to contraction 1 (Fig. 5B). 

3.3.2.3 Diastolic Blood Pressure  

3.3.2.3.1 IHGX (n=21) 

 DBP increased significantly during IHGX (all contractions > baseline, p ≤ 0.015) (Fig. 5C).  

3.3.2.3.2 Subset with ILX comparison (n=12)  

 There was no significant difference in DBP between conditions at baseline. There was a 

statistically significant interaction between time and condition (p < 0.001). Post hoc analysis 

revealed that all exercise time points were greater than baseline in the IHGX (all contractions, p < 

0.001) and ILX (all contractions, p < 0.001) conditions but not in the control condition. Similar to 

SBP, the DBP response to IEX differed significantly between conditions, such that DBP increased 

more with ILX vs. control and IHGX (all contractions, p ≤ 0.024) and with IHGX vs. control (all 

contractions, p < 0.001). (Fig. 5D).  

3.3.2.4 Rate of Perceived Exertion (RPE) during exercise 

3.3.2.4.1 Subset with ILX comparison (n=12) 

 RPE increased similarly over the course of exercise in both the IHGX and ILX conditions. 

Post hoc analysis confirmed that RPE was significantly higher during contraction 3 and 4 versus 

contraction 1 (both, p < 0.001) and 2 (both, p < 0.001). (Fig. 6). 
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Figure 4. Heart rate (HR) response to isometric exercise (IEX) (A) in all participants (n=21). (B) Heart 

rate response to isometric exercise in subset with isometric leg exercise comparison (n=12). BSL 

baseline, CON control, IHGX isometric handgrip exercise, ILX isometric leg exercise. Error bars 

represent ± SD. * denotes significant difference from BSL within condition, ⱡ denotes significant 

difference from contraction 2 within condition and ◊ denotes significant difference between conditions, (p 

< 0.05).   
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Figure 5. Blood pressure response to exercise. (A) Systolic blood pressure (SBP) response to isometric 

handgrip exercise (IHGX) (n=21). (B) Systolic blood pressure (SBP) responses to isometric exercise 

(IEX) (n=12). (C) Diastolic blood pressure (DBP) response to isometric handgrip exercise (n=21). (D) 

Diastolic blood pressure (DBP) responses to isometric exercise (n=12). BSL baseline, CON control, 

IHGX isometric handgrip exercise, ILX isometric leg exercise. Error bars represent ± SD. * denotes 

significant difference from BSL within condition, ⱡ denotes significant difference from contraction 1 

within condition and ◊ denotes significant difference between conditions, (p < 0.05).   
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Figure 6. Rate of perceived exertion (RPE). RPE during isometric handgrip exercise (dark bars) and 

isometric leg exercise (light bars) (n=12). Values are means ± SD. * denotes a significant difference from 

contraction 1 and † denotes a significant difference from contraction 2, (p < 0.05).  
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3.3.3 Post-Exercise Responses 

3.3.3.1 Heart Rate  

3.3.3.1.1 IHGX vs. Control (n=20)  

  HR was not different pre- versus post-exercise or between conditions (Fig. 7A) 

3.3.3.1.2 Subset with ILX comparison (n=12) 

 There were no differences between conditions, however there was a main effect of time and 

post hoc analysis revealed that HR was significantly lower than baseline at all post-intervention 

time points (15, 30, 45 and 60-min) (Fig. 7B).    

3.3.3.2 Systolic Blood Pressure  

3.3.3.2.1 IHGX vs. Control (n=21) 

 SBP did not differ between conditions, however there was a main effect of time and post hoc 

analysis revealed that it was lower at 15-min post-exercise compared to baseline (p = 0.012), and 

higher 60-min post-exercise compared to 15-min post-exercise (p = 0.021) (Fig. 8A).  

3.3.3.2.2 Subset with ILX comparison (n=12) 

 SBP was slightly higher in the ILX vs. IHGX and control conditions and this approached 

significance (main effect of condition p = 0.055). There was a main effect of time (p = 0.005), and 

post hoc analysis revealed that SBP was lower than baseline at 15 min (p = 0.013) and 45-min (p = 

0.014) post-exercise (Fig. 8B). 

3.3.3.3 Diastolic Blood Pressure  

3.3.3.3.1 IHGX vs. Control (n=21)  

There were no differences in DBP between conditions.  However, there was a main effect of 

time and post hoc analysis revealed that DBP drifted upwards and was slightly higher than baseline 

and 15 min post-exercise at 45-min and 60-min post-exercise. (Fig. 8C).  
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3.3.3.3.2 Subset with ILX comparison (n=12) 

 There was a significant interaction between condition and time for post-exercise DBP (p = 

0.004). Similar to the full data set, post hoc analysis revealed that in the control and IHGX 

conditions there was an effect of time as DBP drifted upwards. In the control condition DBP was 

significantly higher at 60 min than at 15 min post, and in the IHGX condition DBP was significantly 

higher at 60 min than at 30 min post. In contrast, the ILX condition DBP did not vary over time, but 

was significantly higher at 15-min post-exercise compared to the IHGX and the control conditions 

(Fig. 8D).  
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Figure 7. Post-exercise heart rate (HR) responses. (A) Post-exercise HR responses in all participants 

(n=20). (B) Post-exercise heart rate responses in a subset of participants (n=12). BSL baseline, CON 

control, IHGX isometric handgrip exercise. Error bars represent ± SD. * denotes significant difference 

from BSL with post hoc analysis of the main effect of time.  
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Figure 8. Post-exercise blood pressure responses. (A) Post-exercise systolic blood pressure in all 

participants (n=21). (B) Post-exercise diastolic blood pressure in all participants (n=21). (C) Post-exercise 

systolic blood pressure in a subset of participants (n=12). (D) Post-exercise diastolic blood pressure in a 

subset of participants (n=12). CON control, DBP diastolic blood pressure, IHGX isometric handgrip 

exercise, ILX isometric leg exercise, SBP systolic blood pressure. Error bars represent ± SD. * denotes a 

significant difference from baseline; # denotes a significant difference from 15-min post-exercise; † 

denotes a significant difference from 30-min post-exercise; and ◊ denotes a significant difference between 

conditions, (p < 0.05).  
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3.3.4 Correlation Analysis  

3.3.4.1 Baseline BP and Post-Exercise Nadir Delta  

3.3.4.1.1 IHGX vs. Control (n=21) 

A significant negative relationship between baseline SBP and post-exercise SBP nadir delta 

following acute IHGX was determined from linear regression analysis (r = 0.511, p = 0.018) (Fig. 

9A). Baseline DBP and post-exercise DBP nadir delta were also significantly negatively correlated (r 

= 0.474, p = 0.030 (Fig. 9B). No significant relationships between baseline and post-exercise nadir 

delta were found in the control condition for either SBP (r = 0.398, p = 0.074) (Fig. 10A) or DBP (r = 

0.192, p = 0.404) (Fig. 10B). 

3.3.4.1.2 Subset with ILX comparison (n=12) 

 In this subset, the relationship between baseline BP and nadir delta did not reach 

significance for either SBP or DBP in the HGEX condition (SBP: r = 0.371, p = 0.235; DBP: r = 0.325, 

p = 0.303).  In addition, no significant relationships between baseline BP and post-exercise nadir 

delta were found in the control (SBP: r = 0.0374, p = 0.0908; DBP: r = 0.213, p = 0.506), or the ILX 

(SBP: r = 0.0695, p = 0.830; DBP: r = 0.0949, p = 0.769) conditions.  

3.3.4.2 Peak BP During Exercise and Post-Exercise Nadir Delta  

3.3.4.2.1 IHGX (n=21) 

No significant relationships between peak BP during exercise and post-exercise nadir delta 

were found in the IHGX condition for either SBP (r = 0.109, p = 0.638) or DBP (r = 0.342, p = 0.129). 

3.3.4.2.2 Subset with ILX comparison (n=12) 

No significant relationships between peak BP during exercise and post-exercise nadir delta 

were found in the control (SBP: r = 0.428, p = 0.165; DBP: r = 0.197, p = 0.539), IHGX (SBP: r = 
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0.0915, p = 0.777; DBP: r = 0.374, p = 0.231) or ILX (SBP: 0.0545, p = 0.866; DBP: r = 0.171, p = 

0.596) conditions.  

3.3.4.3 IHGX vs. ILX comparisons (n=12) 

The baseline SBP and DBP in the IHGX and ILX conditions was well correlated (SBP: 

r=0.611, p=0.035; DBP: r= 0.635, p=0.027).  However, neither the increase in blood pressure (peak 

delta) with exercise nor the post-exercise nadir delta were correlated between conditions (exercise 

peak delta: SBP r=0.109, p=0.737; DBP r=0.283, p=0.373) (nadir delta: SBP r=0.135, p=0.676; DBP 

r=0.206, P=0.520). 

3.3.5 Individual variability in time course of post exercise blood pressure 

 In order to account for potential individual variability in the time course of PEH, analysis 

using individual nadirs (i.e. identifying the lowest BP of the 4 post-exercise time points) was 

conducted, and data was run with time as two levels (BSL and nadir) (data not shown). This 

alternative analysis still identified that BP post-exercise was not lower in the exercise conditions vs. 

control. Individual data for each condition is presented in Fig. 11A-F. 
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Figure 9. IHGX baseline blood pressure and post-exercise nadir. Regression analysis between (A) 

baseline systolic blood pressure (SBP) and post-exercise nadir (expressed as a delta from baseline SBP) 

and (B) baseline diastolic blood pressure (DBP) and post-exercise nadir (expressed as a delta from 

baseline DBP) following isometric handgrip exercise (IHGX) (n = 21) 
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Figure 10. Control baseline blood pressure and post-exercise nadir. Regression analysis between (A) 

baseline systolic blood pressure (SBP) and post-exercise nadir (expressed as a delta from baseline SBP) 

and (B) baseline diastolic blood pressure (DBP) and post-exercise nadir (expressed as a delta from 

baseline DBP) in the control (CON) condition (n = 21)  
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Figure 11. Individual Data. Post-exercise systolic blood pressure (SBP) in the (A) control condition 

(CON) (n=21), (C) isometric handgrip exercise condition (IHGX) (n=21) and (E) isometric leg exercise 

condition (ILX) (n=12). Post-exercise diastolic blood pressure (DBP) in the (B) CON (n=21), (D) IHGX 

(n=21) and (F) ILX (n=12) conditions. Individual subject data represented as light grey lines with the 

group means superimposed (dark line). Error bars represent SD.  
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3.4 Discussion  

 This study aimed to determine 1) whether a single session of IHGX would elicit PEH in a 

sample of young, NT males and 2) if the magnitude of PEH following IEX was influenced by 

exercising muscle mass. Contrary to our hypotheses, IHGX did not elicit a PEH response in the 1-hr 

following exercise. Additionally, PEH was also absent following ILX; therefore, there was no 

evidence that PEH was dependent on the magnitude of muscle mass performing the isometric 

contractions. Additional analysis revealed that for the IHGX condition baseline SBP and the 

magnitude of the largest decrease in SBP post-exercise were moderately correlated; this was also 

true for DBP. Although this relationship has been observed in acute aerobic exercise studies 

(Pescatello and Kulikowich, 2001; Pescatello et al., 2004), this is the first observation within the 

context of an IEX study. These findings suggest a greater potential for IHGX-induced PEH in NT 

individuals with higher resting blood pressure measurements prior to exercise.  

3.4.1 Hemodynamic responses to IEX 

In the whole sample (n=21) increases in mean HR (3 bpm), SBP (13.98 mm Hg) and DBP 

(13.23 mm Hg) were observed over the course of the IHGX protocol.  In a subset of these 

participants (n=12), elevations in HR, SBP and DBP were also observed in response to ILX, and this 

elicited a larger response than IHGX. These findings are generally in line with previous studies 

looking at the hemodynamic response to sustained IHGX protocols. Several studies have shown 

significant and progressive elevations in HR, SBP and DBP in response to a single sustained IHGX 

contraction performed at 25-35% MVC ranging from 2 to 4-min in duration. These responses have 

been reported in young (Martin et al., 1974; Laird et al., 1979; Gandevia and Hobbs, 1990; Stewart 

et al., 2006) and older (Helfant et al., 1971) adults. The larger hemodynamic response in the leg 

versus the arm protocol is in agreement with several (Buck et al., 1980; Mitchell et al., 1980; Seals 

et al., 1983), but not all previous studies (Lind and McNicol, 1967; Williams, 1991).  Ultimately, 

direct comparison to the present study is rendered difficult due to the varying nature of the IEX 
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protocols (i.e. sustained submaximal or maximal to a finite time or fatigue vs. a series of repeated 

sustained isometric contractions). The results of the present study indicate that large muscle mass 

IEX (ILX) evokes a greater cardiovascular response than small muscle mass IEX (IHGX) performed 

at the same relative intensity.  

3.4.2 Impact of IHGX on post-exercise blood pressure 

Contrary to our original hypothesis, PEH did not occur following a single bout of IHGX. The 

modest impact of time on hemodynamic variables was not different between the IHGX and control 

conditions, indicating that these are responses to prolonged sitting in the lab environment, and not 

a result of IHGX. As such, the reductions in SBP at 5-min and between 5 and 15-min post-exercise 

that were reported by Millar et al. (2009;2011), in older NT adults following IHGX, were not 

replicated in our younger population, despite a very similar IHGX protocol. Millar et al. (2011) also 

noted distinct cardiovascular reactivity responses during IHGX vs. the present study.  They 

observed somewhat larger increases in HR (8bpm vs. 3 bpm) and less pronounced increases in BP 

(SBP: 13.98 vs. 7 mm Hg; DBP: 13.23 vs. 2 mm Hg).   The reasons for this are not clearly understood 

but may relate to a greater absolute intensity of exercise at 30% MVC in the (potentially) stronger, 

younger participants.  However, we did not observe a relationship between responses during 

exercise and post-exercise BP; therefore, the importance of responses during excise in relation to 

PEH is unclear.  

3.4.3 Correlation between baseline BP and post-exercise decreases in BP 

We observed a modest relationship between baseline BP and change in BP post-exercise 

(detected only in our whole sample of 21), such that those with the highest baseline systolic and 

diastolic BP had the largest drops in BP post-exercise. This suggests that there may be greater 

potential for PEH with a larger starting BP in this population. Greater reductions in post-exercise 

BP have been documented in HTs compared to NTs in work examining PEH following aerobic 
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exercise (Wilcox et al., 1982; MacDonald et al., 2000), and initial BP appears to be an important 

predictor of the magnitude of the PEH response (Pescatello et al., 2005). However, examining the 

limited literature regarding PEH following IHGX, the findings appear to be mixed. Consistent with 

an impact of baseline BP on PEH, the older NT participants in Millar et al. (2009, 2011) had a 

somewhat higher baseline SBP than observed in the present study and they observed PEH. On the 

contrary, Ash et al. (2017) failed to observe PEH in individuals with pre (120-139/80-89) and stage 

1 HT (140-159/90-99 mm Hg) who exhibited somewhat higher baseline BP values than the present 

study. Other factors such as age, obesity and fitness may interact with baseline BP to influence this 

relationship, and further research is needed regarding the impact of baseline BP on post-IHGX BP.    

We did not detect similar relationships in our subset of 12 and this is likely due to a lack of 

power in the IHGX condition.  In the ILX condition, although SBP was lower than baseline at one (or 

more) of the post-exercise time points in 11 out of 12 participants a relationship between baseline 

and post-exercise BP appears totally absent (SBP: r = 0.0695, p=0.830 DBP: r = 0.0949, p = 0.769). 

Given the matched exercise protocols, the absence of this relationship in the ILX condition is 

difficult to explain. However, the exercise and post-exercise BP responses were not well matched 

between conditions suggesting that the similar protocol elicited quite heterogeneous 

cardiovascular responses within subjects when exercise was performed in the arm vs. the leg. 

3.4.4 Impact of exercising muscle mass on post-exercise blood pressure responses  

Both the current understanding of mechanisms that contribute to PEH (Halliwill et al., 

2013) and observations from aerobic and resistance exercise studies support a role of muscle mass 

in determining the magnitude and/or duration of PEH (MacDonald et al., 2000; Polito and Farinatti, 

2009). To discern the effects of muscle mass on PEH following IEX, we performed a matched 

protocol in the arm and the leg (i.e. 4 x 2-min alternating 30% MVC contractions; 1-min rest). 

Contrary to our second hypothesis, BP was not lowered to a greater extent post-exercise in the 

larger muscle mass ILX condition vs. IHGX or control.  Indeed, SBP following ILX was non-
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significantly higher than the other conditions, and post-ILX DBP was significantly elevated vs. 

control and IHGX at 15-min post-exercise. This finding was likely driven by the higher BP response 

to ILX, and may indicate that BP took longer to recover following large muscle mass IEX.  

In contrast to the present ILX findings, PEH has been observed following single leg dynamic 

quadriceps exercise (i.e. rhythmic leg kicking) (Barrett-O’Keefe et al., 2013); however, this finding is 

not universal (Buck et al., 2015). Barrett-O’Keefe et al. (2013) observed an average decrement in 

MAP of 4 mm Hg in the 60-min following a 1h single-leg kicking protocol at 60% peak power.   In 

contrast, the resistance exercise protocol employed in the same study, which involved 3 sets of 8 

repetitions at 80% peak torque, with 2-min of recovery between sets, failed to evoke a PEH 

response.  This indicates that there are modality specific differences in the potential for PEH 

following isolated quadriceps exercise, and ILX may be a less effective stimulus for PEH compared 

to a dynamic exercise protocol (Barrett-O’Keefe et al., 2013). The modality specific responses may 

involve differences in the duration of exercise and the metabolic and mechanical stimuli occurring 

in the muscles, as discussed below.   

3.4.5 IEX and mechanisms of PEH 

Several mechanisms including sustained vasodilation, a downward resetting of the 

baroreflex and impaired sympathetic signal transduction may contribute to PEH (Halliwill et al., 

2013). Sustained histamine receptor-mediated vasodilation in particular, has been shown to make a 

substantial contribution (Lockwood et al., 2005b; McCord and Halliwill, 2006; McCord et al.,2006; 

Pellinger et al., 2010; Barrett-O’Keefe et al., 2013), and appears to be the primary mechanism 

through which PEH manifests following isolated dynamic leg exercise. Barrett-O’Keefe and 

colleagues (2013) observed that single-leg dynamic exercise resulted in a 27% increase in leg 

vascular conductance and sustained PEH for the 1h following exercise. Both sustained vasodilation 

and PEH were abolished by a combined histamine (H1 and H2) receptor blockade.  In contrast 

single-leg resistance exercise did not produce sustained vasodilation or elicit PEH.  Since heat and 
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vibration can stimulate the release of histamine (Atkinson, 1992) it is plausible that like resistance 

exercise, IEX may not be an effective stimulus to provoke this particular vasodilatory mechanism.  

Furthermore, although the decrease in total vascular resistance with quadriceps dilation can be 

sufficient to lower BP (Tschakovsky et al., 2011; Barrett-O’Keefe et al., 2013),with respect to IHGX, 

even if sustained vasodilation occurred in the small forearm vasculature it is unlikely that this alone 

would be sufficient to evoke a hypotensive response(Ku, McEvoy and Pyke, 2014) (i.e. it would 

likely require a central component).    

 As mentioned above, central and peripheral neural mechanisms can also contribute to PEH. 

Halliwill et al. (1996b) have demonstrated that the baroreflex resets to a lower operating point 

following whole-body exercise that stimulates PEH, and this is accompanied by blunted 

sympathetic signal transduction. It is possible, that smaller muscle mass exercise may not stimulate 

these changes. For instance, Buck and colleagues (2015) did not observe PEH, baroreflex resetting 

or changes in sympathetic sensitivity following single-leg dynamic exercise of a duration and 

intensity similar to the whole-body exercise protocol used by Halliwill and colleagues. Using the 

same single leg exercise protocol, Barrett-O’Keefe et al. (2013) did observe PEH; however, this was 

fully explained by sustained vasodilation. Therefore, single quadricep exercise may not provoke 

sufficient activation of muscle afferents to produce central receptor internalization and ultimately a 

resetting of the baroreflex. The present study utilized bilateral quadriceps exercise as the ‘large 

muscle mass’ condition and both IHGX and ILX likely resulted in metaboreflex activation and 

therefore increased afferent activity (Mark et al., 1985).  However, given the lack of PEH, this also 

appears to be an insufficient stimulus.   

In addition to muscle mass the duration and intensity of exercise may be important in 

determining the potential for PEH. There is some evidence to suggest that PEH is dependent on 

exercise intensity, such that the magnitude of PEH is greater following higher intensity exercise 

(Piepoli et al., 1994; Keese et al., 2012; de Freitas Brito et al., 2015). However, this does not always 
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appear to be the case (MacDonald et al., 1999; Jones et al., 2007; Cavalcante et al., 2015).Studies 

that have detected PEH in young NTs, following aerobic exercise, have been conducted at moderate 

(i.e. 50% VO2 max) to maximal intensity. Although resistance exercise protocols are more varied, 

they typically consisted of light to moderate loads (i.e. 40-65% of an individual’s 1-repition 

maximum (1-RM)) performed for a high number repetitions, or less repetitions using heavier loads 

(i.e. 70-80% 1-RM). Despite differences in modality, these protocols may represent a higher relative 

intensity to that employed in our study (i.e. 30% MVC).  With respect to the duration of exercise, 

PEH has been observed in studies with exercise protocols ranging from 15 to 60-min in duration, 

somewhat longer than the 11-min protocol in our study consisting of 8-min of contraction time and 

4-min of rest. Additionally, while a 60-min aerobic exercise protocol employed by Barrett-O’Keefe 

and colleagues (2013) elicited PEH, a much shorter resistance protocol in the same study 

(approximately 18-min in length) did not. In addition to other modality differences, it is possible 

that exercise duration played a role in their disparate responses. Taken together, these findings 

indicate that manipulating the intensity and duration of the IEX protocol may alter its potential to 

provoke PEH and this requires further research.  

3.4.6 Limitations 

 First, participants were healthy, predominantly white males attending Queen’s University, 

which decreases the generalizability of our findings. PEH has been previously reported in mixed-

sex aerobic (Coats et al., 1989; Brown et al., 1994; MacDonald et al., 1999b),  resistance (Brown et 

al., 1994) and isometric (Millar et al., 2009; Stiller-Moldovan, 2010) studies. Although the 

magnitude of PEH does not appear to be influenced by sex (Rossow et al., 2010), there is some 

evidence to suggest the underlying mechanisms of PEH differ between males and females (Senitko 

et al., 2002). Future studies in young NTs should, therefore, investigate potential sex differences in 

the post-exercise blood pressure response to IEX. Second, exercise was performed at a single 

duration and intensity, which was guided by wanting to assess PEH following a protocol that is 
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typically employed in IHGT, and that has been shown to successfully lower BP in young NTs. 

Nevertheless, the current design prevents us from determining whether longer and/or higher 

intensity IEX might stimulate PEH. Last, this study was not designed to address mechanisms of PEH 

following IEX; however, assessment of muscle sympathetic nerve activity as well as limb vascular 

conductance and additional systemic hemodynamic parameters (CO, SV, TPR) would have allowed 

further insight regarding post-exercise cardiovascular recovery and reasons for the lack of PEH.  

3.4.7 Summary and Conclusion  

 To the best of our knowledge, this is the first study to assess the impact of IEX on PEH in 

young healthy NTs. In contrast to previous reports of PEH following IHGX in older NT adults (Millar 

et al., 2009, 2011), a single session of IHGX did not elicit PEH in our younger NT sample. This 

finding is in accordance with studies conducted in pre-HT (Ash et al., 2017) and HT (Stiller-

Moldovan, 2010; Olher et al., 2013) individuals. Moreover, ILX, which involved a larger muscle 

mass, also did not induce PEH. Given that PEH has been frequently observed following aerobic 

(Kaufman et al., 1987; Coats et al., 1989; Somers et al., 1991; Franklin et al., 1993; Isea et al., 1994) 

and resistance (Brown et al., 1994; Mohebbi et al., 2009; Polito and Farinatti, 2009; Duncan et al,, 

2014; Mohebbi et al., 2016) exercise in young NT this suggests that IEX, even when the leg muscle 

mass is engaged, is a less potent stimulus for PEH in this population.  Future investigation is needed 

to improve our understanding of the post-exercise response to IEX employing a range of IEX 

protocols in varied populations with thorough investigation of local and central hemodynamic 

responses.   
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Chapter 4 

General Discussion 

Isometric exercise training has been recently gaining interest as an alternative therapy for 

lowering BP. This form of training is convenient, cost-efficient and requires less time than other 

traditional modalities of exercise training. Furthermore, it is suitable for beginners, individuals healing 

from injury, and those afflicted by mobility limitations and/or other contraindications to high-impact 

exercise. Several studies have looked at the ability of IEX training to chronically reduce BP; however, 

considerably less attention has been given to the impact of this form of exercise on acute cardiovascular 

recovery. This study is the first of its kind to look at the impact of IHGX on PEH within a young healthy 

population. Despite evidence of PEH in older NTs following an acute bout of IHGX (Millar et al., 2009, 

2011), these findings were not replicated in a younger sample following either IHGX or ILX. This 

suggests that regardless of muscle mass activation, IEX does not appear to elicit PEH in young NT males. 

In addition to providing a more comprehensive understanding of basic BP regulation, studies like the 

present are needed to maximize the benefits of BP-lowering interventions (i.e. windows of reduced 

exposure to high BP and vulnerability to negative cardiovascular events) and to manage the potential 

disadvantages of PEH such as post-exercise syncope. The findings from the study outlined in chapter 3 

extend current knowledge surrounding PEH in NTs, and provide novel insight into the dependence, or 

lack thereof, of PEH on muscle mass.  

4.1 Strengths and Limitations  

4.1.1 Strengths  

4.1.1.1 Novelty of Findings  

 This is the first study to investigate PEH in response to IHGX in young NT subjects, which 

addresses a current gap within the literature. Although a single bout of IHGX elicited a PEH response in 

older NT adults (Millar et al., 2009, 2011), these findings were not replicated in chapter 3. Resting BP 
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and levels of SNA tend to increase with age (Kearney et al., 2005); therefore, this group may respond 

differently to the intervention compared to their younger counterparts. This was exemplified in a study 

conducted by Smolander et al. (1998), wherein older (54-59 yrs) subjects exhibited lower HR and higher 

BP responses to IEX in the arm and leg compared to younger (23-29 yrs) subjects. These salient 

differences between younger and older individuals with the same BP status highlight the importance of 

testing reactivity and recovery responses in both populations. Given that the prevalence of hypertension 

also increases with age, research has understandably focused on those with a more imminent risk 

(Kearney et al., 2005). Lifestyle modifications, such as exercise, are universally recommended for the 

primary prevention of hypertension; for this reason, it is important to extensively investigate potentially 

preventative interventions in a variety of different study populations.  

This study is the first to assess post-exercise BP for an extended period of time after an acute bout 

of ILX (i.e. 1hr post-exercise). To date, post-exercise BP has only been investigated for 5-min following 

ILX (Devereux et al., 2015). As indicated by current research, the nadir in BP occurs most often by 30 or 

45-min post-exercise (Kenney and Seals, 1993; MacDonald et al., 2002); therefore, the time course of 

PEH is an important consideration in the study design. The one-hour post-exercise recovery period 

employed within this study should have been adequate to capture the nadir had PEH occurred. 

Furthermore, inclusion of the ILX protocol also allowed for the comparison of post-exercise responses to 

IHGX to determine if there was an effect of muscle mass activation on PEH. Despite evidence to suggest 

that muscle mass impacts the cardiovascular response to acute IEX (Buck et al., 1980; Mitchell et al., 

1980; Seals et al., 1983; Smolander et al., 1998) muscle mass did not appear to exert an influence on 

cardiovascular recovery. These findings seem to contradict previous observations from aerobic 

(MacDonald et al., 2000a) and resistance (Polito and Farinatti, 2009) exercise studies that found the 

magnitude and/or duration of PEH to be proportional to the muscle mass involved in exercise. The study 

described in chapter 3 expands on the current understanding, and offers a more thorough characterization 

of the post-exercise cardiovascular response to IEX in the lower limb.   
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4.1.1.2 Experimental Study Design and Matching of Exercise Protocols and 

The present study employed a randomized-controlled crossover design. This ensured that a 

resting baseline was established for each participant, such that exercise data could be reliably compared to 

control data. As previously described in chapter 3, post-exercise BP in the control condition was not 

significantly higher from that observed in either the IHGX or ILX condition. Main effects of time were 

observed for HR, SBP and DBP; however, these did not differ between IHGX and control. These findings 

suggest that hemodynamic variables vary over time in response to quiet seated rest, in a way that is not 

disrupted by IHGX.  When the impact of ILX was examined, in a subset of participants, BP tended to be 

higher than IHGX and CON, although this only reached significance for DBP at 15-min post-exercise. 

Given that both the control and IHGX conditions demonstrated a reduction in SBP 15 min post exercise, 

without a control group this drop in SBP may have been misidentified as PEH following IHGX; thus, 

compromising the validity of the study. Other study design strengths include 1) the order of conditions 

was counterbalanced between participants to control for order effects and 2) participants were 

familiarized with the environment and testing procedures in an initial screening visit in order to minimize 

any acute anxiety that could potentially influence cardiovascular measures on experimental testing days.  

Different modes of IEX have rendered direct comparison of results between studies difficult.  The 

matching of exercise protocols between limbs within the present study facilitated comparison of the 

magnitude of the BP response following small (IHGX) and large (ILX) muscle mass exercise. Both 

protocols were performed at the same relative intensity (30% MVC) and the duration and frequency of 

contractions did not differ (4 x 2-min contractions, each separated by 1-min rest). Real time visual and 

auditory feedback during the intervention ensured that subjects successfully maintained the targeted 

intensity; this was reflected in the overall compliance score for IHGX and the average maintained 

contraction intensity for ILX.  

4.1.2 Limitations  

4.1.2.1 Generalizability  
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 Subjects were young, healthy and predominantly white males recruited from Queen’s University. 

The subject characteristics of this sample may limit the generalizability of the results to other populations 

that differ in age, sex and health status. It is unknown whether age directly impacts PEH following acute 

exercise or chronic reductions in BP with training; however, the magnitude of PEH appears to be 

dependent on baseline BP, such that individuals with higher resting BP experience the greatest post-

exercise reductions in BP (Pescatello et al., 2005). Moreover, larger exercise-induced reductions in BP 

have been reported following IEX training in individuals with higher pre-training BP (Millar et al., 2007; 

Baross et al., 2012; Badrov et al., 2013). Given that resting BP increases with age  (Kearney et al., 2005), 

this is an important consideration when examining the literature. Additionally, there is evidence of PEH 

in mixed-sex studies (Coats et al., 1989; Brown et al., 1994; MacDonald et al., 1999b; Millar et al., 2009, 

2011), and although one study has shown that the magnitude of PEH does not appear to be influenced by 

sex (Rossow et al., 2010), work from Senitko et al. (2002) suggests that the underlying mechanisms may 

differ between males and females. 

4.1.2.2 Lack of Mechanistic Insight 

 The hypotensive response to exercise may be influenced by a reduction in CO, which has been 

observed following resistance (Collins et al., 1989; Bush et al., 1999; Rezk et al., 2006) exercise. 

Increased perspiration, plasma osmolarity and BP during exercise (i.e. higher driving pressure forcing 

water into interstitial space) can all lead to a reduction in blood volume, which ultimately causes a drop in 

SV and lower BP (Bush et al., 1999). It is possible that neither IHGX nor ILX were a strong enough 

stimulus to evoke these hemodynamic changes. Similarly, changes in TPR could account for post-

exercise changes in BP. Vascular ultrasound assessment could have provided additional information with 

respect to local (within the exercising limb) and systemic vasodilation (from a non-exercising limb) in 

response to IEX. This study was not designed to explore the mechanisms mediating PEH, and no 

measures of SV, CO, TPR or limb resistance were acquired; therefore, no insight can be provided into 

how these factors influenced the findings. It is unlikely, however, that sustained vasodilation occurred 
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following either IEX condition, given the absence of PEH from the present study and findings from 

Barrett-O’Keefe et al. (2013), indicating that the mechanisms mediating this phenomenon (i.e. histamine 

receptor activation) may be subject to exercise modality.  

 Evidence suggests that SNA is reduced following exercise (Chen et al., 2009; Halliwill et al., 

2013) and may mediate PEH. This study did not directly measure sympathetic outflow through 

assessment of muscle sympathetic nerve activity (MSNA). Although Millar et al. (2009) observed 

increases in sample entropy (indicative of less sympathetic modulation) following an acute bout of 

IHGX, this was found in a group of older (70 ± 5 years of age) adults. As previously mentioned, 

resting BP and SNA change with age  (Kearney et al., 2005); additionally, HR and BP responses to 

both IHGX and ILX vary between younger and older subjects (Smolander et al., 1998). For these 

reasons, these findings may not translate to younger populations, as evidenced by resistance (Carter 

et al., 2003) and isometric (Ray and Carrasco, 2000) training studies, which have demonstrated that post-

training reductions in BP are not accompanied by reductions in MSNA in young NT subjects.  

4.2 Future Directions  

Since PEH did not occur following a single session of IEX in the arm or leg, this suggests that 

neither protocol provided an ample stimulus to provoke a post-exercise hypotensive response. In a 

study examining the impact of muscle mass and number of sets on PEH, Politio and Farinatti (2009) 

reported no changes in BP following low-(6 sets) or high-(10 sets) volume small muscle mass 

exercise at the same intensity (12-RM x 10 reps); however, a PEH response in SBP was observed 

following a large muscle mass high-volume exercise protocol. This suggests that muscle mass and 

exercise volume may be involved in the post-exercise BP response. Findings from Millar et al. 

(2011) seem to support this notion within the isometric modality. Millar and colleagues tested 3 

different IHGX protocols that varied in contraction and/or rest period frequency and duration, 

while total contraction duration (i.e. 8-min) remained unchanged. Post-exercise SBP was consistent 

following all 3 protocols, suggesting that recovery responses may be related to contraction volume. 



 

70 

 

Collectively, these findings suggest that a stronger stimulus may be required to elicit the anticipated 

post-exercise responses in young NTs. Future studies should address this by testing IEX protocols 

with increased total contraction time (> 8 min total) and/or performed at greater intensities (> 

30%). In addition to investigating the impact of IEX intensity and/or volume on the post-exercise 

response, future work should investigate additional hemodynamic changes (CO and SV), alterations 

in blood volume and vasodilation in response to IEX.  

4.3 MSc. Experience 

 I was first intrigued by isometric handgrip exercise after reading an article about this new 

alternative therapy for lowering BP that could be done in as little as 11 minutes a day. Around the same 

time, I was taking an interest in one of the courses that I had been assigned to as a Teaching Assistant that 

focused on the physiological response to stress. With some guidance from my supervisor, I was able to 

combine these two interests into an independent study and eventually a Master’s thesis project. After 

reviewing the literature, I discovered that training-induced reductions in resting BP had been well 

established; however, the mechanism underlying this relationship remained unclear. The usual suspects, 

improved endothelial function (McGowan et al., 2006; 2008), improved autonomic function (Ray and 

Carrasco, 2000) and reduced oxidative stress (Peters et al., 2006) did not explain why we observe 

reductions in BP after this type of training. Having come across a study that established a link between 

heightened cortisol reactivity to stress and increased risk of future hypertension (Hamer and Steptoe, 

2012), and having presented articles related to physical fitness and cortisol reactivity, I realized that this 

was an unexplored area of research. After establishing a rationale, I designed a study that would 

investigate the impact of IHGX training on cortisol reactivity to acute mental stress. Although exploratory 

in nature, the study aimed to investigate the relationship between the changes in cortisol reactivity and 

resting BP following a 5-week IHGX training protocol.  

Unfortunately, due to the variability in the salivary cortisol response to stress, a sample size of 60 

subjects (30 control; 30 exercise) was estimated to be required to detect a significant change in cortisol 
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reactivity. Despite my best efforts and success with larger studies by our group in the past, recruitment for 

the proposed study proved to be challenging. Due to the academic schedule and the 5-week study 

timeline, we were limited to participants that were available to train during the winter reading week. With 

that being said, I was able to recruit, successfully conduct the study and analyze the data in a total of 12 

participants. I did, however, eventually hit the proverbial fork in the road that led me to my current 

project. With encouragement from my supervisor, I was able to pursue a different avenue of research that 

was still relevant to my interest in IEX. Although this new endeavor did not come without its own 

unforeseen setbacks, I quickly became passionate about learning about PEH and became more confident 

in my ability to comprehend and critically evaluate scientific research articles. Over the course of my 

experience, I have grown both academically and personally. I have developed critical thinking, problem-

solving, independent learning and presentation skills. In the future, I hope that I can take everything that I 

have learned from this experience, and stay involved with my first project to see it through.  

4.4 Summary and Conclusions  

In agreement with studies conducted in pre-HT (Ash et al., 2017) and HT (Stiller-Moldovan, 

2010; Olher et al., 2013) subjects, but in contrast with previous findings in NTs (Millar et al., 2009, 2011) 

the study outlined in chapter 3 did not detect PEH following a single session of IHGX in young NTs. 

These findings suggest that IHGX consisting of four 2-min contractions, separated by 1-min of rest and 

performed at 30% MVC did not elicit PEH in young NTs males. Despite some evidence to suggest that 

the magnitude and/or duration of PEH is proportional to the muscle mass involved in exercise from acute 

aerobic (MacDonald et al., 2000a) and resistance (Polito and Farinatti, 2009) exercise studies, BP did not 

decrease more profoundly following ILX vs. IHGX or control. Collectively, these findings suggest that 

irrespective of muscle mass, IEX performed at the specified duration, volume and intensity, did not evoke 

a downward resetting of the baroreflex, sustained post-exercise vasodilation and/or blunted transduction 

of sympathetic signals. Future work is needed to elucidate the post-exercise response to IEX with respect 

to changes in hemodynamic parameters and blood volume. Furthermore, studies investigating the effect 
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of varying exercise protocols should be conducted in order to ascertain whether a stronger stimulus is 

required to elicit PEH in this study population.  
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