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Abstract 
 
The exact mechanism underlying the coupling between breathing and locomotion is still 

unknown; the visceral piston theory is a putative mechanism but has gone largely 

untested. The study assessed the visceral piston theory by examining the effect of 

perturbations (vocalization and fluid ingestion) on the coupling of breathing and 

locomotion. 10 experienced runners performed a speed running trial (6.5 to 8.0 mph in 

0.5 mph increments), followed by a vocalization trial and a fluid ingestion trial at their 

preferred running speed while on a treadmill. Continuous recordings of respiratory flow 

and single leg, tibial acceleration was acquired (500 Hz). Rating of perceived exertion 

for breathing (RPEB), effort (RPEE), stitch (RPES) and heart rate (HR) were also 

recorded during the trials. The magnitude (SIFTMAG) and timing (SIFTT) of step induced 

flow transients were determined, along with the breath cycle duration (BCD) and 

respiratory locomotor entrainment (RLE) ratios. RPEB, and HR showed an increase in 

all three trials, RPEE showed an increase in the speed trial and the fluid ingestion trial 

but not the vocalization trial. SIFTMAG had a significant increase post perturbation 

(vocalization and fluid ingestion). SIFTT increased significantly post fluid ingestion but 

not after the vocalization perturbation. RLE ratios were increased post fluid ingestion but 

not post vocalization perturbation, however BCD was reduced after vocalization trials. 

The SIFTMAG was increased as result of perturbations corresponding to respiratory flow 

suppression which could lead to increased respiratory load. A shift in timing after fluid 

ingestion is consistent with an increased mass of a visceral spring mass system. Four of 

ten runners experienced a stitch after fluid ingestion. These findings strongly support 

the visceral piston theory of RLE, and this becomes a plausible mechanism for the 

induction of a stitch in the side.  
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Introduction  
 
Running is a very common activity and is the primary means of exercise for people of all 

ages and is perhaps the most fundamental movement in all of sport (Anderson, 1996). 

A great deal of runners will inevitably experience running related difficulties ranging from 

the myriad of lower extremity overuse injuries to a stitch in the side (Morton and 

Callister, 2000; Morton and Aune, 2004; Morton et al., 2005; Morton and Callister, 2007; 

Eichner, 2006). A stitch is a very common complaint in the running population with a 

prevalence of 61% of participants suffering from a stitch (Morton and Callister, 2000). 

Although there has been substantial amount of literature devoted to lower extremity 

injuries in running, the literature related to the “stitch” is very limited (Morton and 

Callister, 2007; Morton and Callister, 2000; Morton, 2003). There are a variety of 

putative causes and remedies for the stitch in the side, but none of which have been 

established as actual mechanisms (Plunkett and Hopkins, 1999; Dimeo et al., 2004; 

Morton and Callister, 2000; Morton and Callister, 2002; Morton, 2003). Most suggest 

that it may be related to the coordination of breathing to locomotion. One of the 

prevailing theories for the coordination of breathing to locomotion is the visceral piston 

theory. In this theory it states that the abdominal mass or “Visceral Piston” could 

influence breathing by direct mechanical influence on the diaphragm (Bramble and 

Carrier, 1983). There is a paucity of studies which have examined this theory in the role 

it has on breathing while running, and in generation of the stitch in the side. In this 

theory, it is a necessary condition that there 1) is a step related change in respiratory 

flow during which the viscera impede flow as a result of affecting diaphragm motion 

during inhalation or exhalation, 2) should be specific timing between breaths and steps, 

and 3) should be changes in timing or magnitude of the step related changes in 

respiratory flow when perturbations are applied.  

 

This study is directed to understand the relationship between breathing and locomotion, 

and specifically to evaluate the visceral piston theory by characterizing the magnitude 

and timing of step induced flow transients, and the change in these as a result of 

putative perturbations to the “visceral piston”.  
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Review of Literature 
 
During bipedal locomotion there is a well demonstrated temporal relationship or 

synchronization between foot strike (locomotion) and the breath cycle (respiration) 

(Amazeen et al., 2001; Bechbache and Duffin, 1977; Bernasconi and Kohl, 1993; 

Bernasconi et al., 1995; Berry et al., 1988; Berry et al., 1989; Bonsignore et al., 1998; 

Bramble and Carrier, 1983; Bramble and Jenkins, Jr., 1993; Daffertshofer et al., 2004; 

Fabre et al., 2006; Fabre et al., 2007; Garlando et al., 1985; Hill et al., 1988; Hurst et al., 

2001; Jasinskas et al., 1980; Kohl et al., 1981; Lafortuna et al., 1996; Loring et al., 

1990; Maclennan et al., 1994; Mahler et al., 1991a; Mahler et al., 1991b; McDermott et 

al., 2003; Paterson et al., 1986; Paterson et al., 1987; Persegol et al., 1991; Potts et al., 

2005; Rassler and Kohl, 1996; Siegmund et al., 1999; Steinacker et al., 1993; Villard et 

al., 2005). The phenomena of coupling between locomotion and respiration will be 

referred to as “Respiratory Locomotor Entrainment” (RLE). Other terms that are 

synonymous in the literature are Respiratory Locomotor Coupling or Locomotor-

respiratory coupling. RLE may be defined as the synchronization (temporal and phase 

relationship) of locomotion (walking, running, rowing, cycling etc.) to respiration. 

Entrainment or coupling can be described as a consistent phasing between two 

rhythmic processes resulting in a fixed integer ratio between the two rhythmic 

frequencies (Anderson, 1996). The amount or level of entrainment between running and 

breathing can be quantified through various means including as the percentage of 

inspirations/expirations that occur during the same phase of step (Bernasconi et al., 

1995). The strength of entrainment between two rhythmic processes can be quantified, 

(Kriellaars et al., 1994) although these quantitative techniques have not been applied to 

RLE.  

 

RLE has been demonstrated to exist in many different species including birds (Bramble 

and Carrier, 1983), dogs (Bramble and Carrier, 1983), rabbits (Bramble and Carrier, 

1983), horses (Bramble and Carrier, 1983; Butler et al., 1993; Lafortuna et al., 1996)  

and humans (Bechbache and Duffin, 1977; Bramble and Carrier, 1983; Bernasconi and 

Kohl, 1993; Daffertshofer et al., 2004). RLE has been shown to be present in man while 

walking (Hill et al., 1988; Loring et al., 1990), cycling (Bechbache and Duffin, 1977; 
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Bernasconi and Kohl, 1993; Jasinskas et al., 1980), using a wheelchair (Fabre et al., 

2006; MacDonald et al., 1992), horse back riding (Morton and Callister, 2000), while 

ambulating with crutches (Hurst et al., 2001), cross country skiing (Fabre et al., 2007) 

and running. Humans typically use at least 5 distinct frequency ratios while running 

(Bramble and Carrier, 1983). These ratios are expressed as strides per breath cycle 

and typically include the following 4:1, 3:1, 5:2, 2:1, and 3:2. A step is part of the gait 

cycle that occurs with one event (heel strike or initial contact) to the incidence of the 

same event with the opposite foot. A stride is one complete cycle of gait that starts with 

the incidence of one event (left heel strike or initial contact) and ends with the incidence 

of the same event. Respiratory coupling ratios may be expressed either as steps or 

footfalls per breath cycle or strides per breath cycle.  

 

Another interesting aspect of RLE is the poorly understood but clearly demonstrated 

altered respiratory flow that is present with running. During resting breathing there is a 

smooth biphasic flow that depicts the inspiration and expiration cycle, in contrast 

however, during running the airflow in and out of the lungs occurs in discrete pulses 

(Bramble and Carrier, 1983). It is not known whether these pulsed rhythms present with 

running respiration occur in pattern(s) or whether or not they are coupled to the footfall 

cycle. Although our lab has shown a clear foot strike related flow transient (unpublished 

data). While there is significant phenomenological evidence for the presence of RLE, 

the neurophysiologic mechanisms behind the phenomenon remain poorly understood 

and this aspect of interaction between the locomotor and respiratory systems has 

received little attention in running research and practice.  

 

Mechanical data suggest that a variety of physical activities impose constraints on 

breathing that make it beneficial for the respiratory cycle to synchronize with the 

locomotor pattern. In humans RLE has been shown to be influenced by type of exercise, 

degree of fitness, and training. In one study (Bernasconi et al., 1995) on triathletes, 

sprinters and untrained runners, all three groups showed entrainment at exercise 

intensities of 50% to 80% of anaerobic threshold (AT). However the sprinters and 

untrained had a significant decrease in entrainment at 110% of AT while the triathletes 
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were still able to maintain as high a degree of entrainment. They concluded that running 

training did not affect entrainment at aerobic workloads, but did affect it at anaerobic 

workloads. To determine entrainment in this study the step cycle was divided into 10 

phases and the number of inspirations or expirations occurring in the same phase of 

step was expressed as the percentage of the total number of breaths. They did not 

however evaluate how many steps occurred during one breath cycle. Hence no ratio of 

entrainment is provided. Additionally RLE has a higher degree of coordination with 

running vs. cycling and this improved coordination with running was not believed to be 

due to arm movement because there is also a higher degree of co-ordination with 

running vs. cycling when running was performed with no arm movement ((Bernasconi 

and Kohl, 1993)). 

 

Historically successful running results are thought to be determined by many factors 

including VO2 max, lactate threshold and running economy. Very few articles have 

attempted to examine if there is an optimal way to breath or a better or more efficient 

entrainment ratio (ratio of strides to breaths ), that may improve running efficiency, 

running economy or perhaps reduce the occurrence of stitches while running. Some 

authors have shown RLE may improve efficiency of movement and decrease O2 

consumption while on a treadmill (Bernasconi and Kohl, 1993; Garlando et al., 1985; 

Daffertshofer et al., 2004) and while on a cycle ergometer (Garlando et al., 1985). Two 

studies conversely did not demonstrate that entrainment improved the economy of 

movement (Fabre et al., 2006; Maclennan et al., 1994). However one of these latter 

studies was on rowing (Maclennan et al., 1994) and the subjects had no previous 

rowing experience and the other was done using rhythmic arm movements while using 

a wheelchair (Fabre et al., 2006).  

 

The Visceral Piston Theory  
 

Bramble and Carrier reported the seminal work on the topic of RLE in 1983. Bramble 

and Carrier suggested and demonstrated some evidence to indicate that animals 

coordinate breathing and limb motions on the basis of coordinating the timing between 
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abdominal content motion and foot strike, so as to avoid this potential antagonistic 

action. If the viscera were to be moving vertically upward during inspiration it would 

mechanically impede the contracting descending diaphragm or if it was moving inferiorly 

during expiration it would oppose to some extent the relaxation of the ascending 

diaphragm. From an evolutionary standpoint and using comparative animal physiology, 

they postulated the visceral piston theory for the reason underlying RLE. From an 

evolutionary perspective, the mechanism underlying the need to sustain aerobic activity 

would necessarily be preserved across species. It becomes obvious that running 

mammals including man must effectively ventilate their lungs while in motion if 

sustained aerobic metabolism is to be maintained. Sustained aerobic metabolism is a 

behaviour more often than not, that is required for survival in natural settings (Bramble 

and Carrier, 1983). Traditional arguments suggest that endurance running played an 

important role in the evolution of man (Lieberman and Bramble, 2007), and man is the 

only mammal that uses a bipedal gait that has the ability to run long distances 

(Lieberman and Bramble, 2007).  

 

During running and walking the body of bipeds is accelerated and decelerated in 

horizontal and vertical planes (Bramble and Carrier, 1983; Lee and Farley, 1998), with 

the CM moving vertically 3.1 cm while walking and 7.3 cm while running (Lee and 

Farley, 1998). The abdominal contents are not firmly fixed and therefore they will also 

accelerate and decelerate in both horizontal and vertical planes with running; however 

they will inevitable get out of sync with the rest of the body. Diaphragmatic displacement 

and shortening is less when the abdominal wall is more rigid (Loring et al., 1985) as is 

the case with running. Abdominal displacements can alter intra-abdominal and 

subsequently intra-thoracic volume and pressure (Loring et al., 1985). Abdominal 

visceral motion could consequently influence respiration (total respiration or breath-to-

breath variations) by altering intra-abdominal and intra-thoracic pressure. This would 

lead to influencing diaphragmatic motion during either inspiration or expiration ultimately 

influencing respiratory flow.  
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While studying the phenomena of RLE Bramble and Carrier 1983 found the following 

with rabbits: while studying jack rabbits running on a treadmill, using high speed film to 

record breathing and gait, they found that at slow speeds; the rabbits had two complete 

breath cycles per stride (1:2 coupling pattern), and while at high speeds they abruptly 

changed to one complete breath cycle per stride (1:1 coupling pattern). The 1:2 

coupling pattern was associated with asymmetric breathing, meaning they had a short 

inhalation with the forelimb on the ground (thorax loaded) and while the hind limbs were 

on the ground a longer inhalation was seen. With quadrupeds the thoracic complex is 

subjected to repeated impact loading as the forelimbs alternately strike the ground. 

When the rabbits transitioned to a 1:1 ratio they selectively eliminated the shorter 

shallower breath and maintained the longer deeper breath. When forced to run at a 

transition speed between slow and high speeds the rabbits could not find a consistent 

coupling pattern and switched back and forth from 1:1 to 1:2 coupling patterns. Running 

dogs and horses were also seen to run at a 1:1 ratio. The trot (that is lifting one forefoot 

with the contralateral hind foot, with the other forefoot and hind foot still in contact with 

the ground and so on) and gallop (fastest gait of quadrupeds’ that has a flight phase 

where all four limbs are off the ground) are very different gait patterns, yet there is no 

departure from the 1:1 coupling ratio in dogs and horses (Bramble and Carrier, 1983). 

Humans are alone among mammals that exclusively use a bipedal gait, thus perhaps 

released from the respiratory constraints of quadrupeds’. Bramble and Carrier tested 

experienced, less experienced and inexperienced runners on an outdoor track at 

distances ranging from ¼ mile to 1¼ miles. Footfalls and breathing signals were 

recorded during slow, moderate and fast running speeds (speed not defined). Bramble 

and Carrier found that the experienced runner was tightly coupled for all runs with 

phase locking occurring in the first 4 or 5 strides. Less experienced runners required 

“somewhat longer” before breathing and gait were fully coupled and inexperienced 

runners showed little or no tendency to synchronize gait and breathing regardless of 

being fit or active in other activities such as swimming.   

 

To understand the effect of the moving viscera on respiration, one must have an 

appreciation of the relevant anatomy involved. The diaphragm is a typical skeletal 
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muscle situated in the thorax between the thoracic and abdominal cavities with the 

mostly convex surface directed towards the thorax and the mostly concave surface 

facing the viscera. It has complex attachments, attaching anteriorly to the posterior 

surface of the xiphoid process, the inner surface of costocartilage and adjacent surface 

of the lower six (6) ribs and finally the anterior surface of the body/discs of L1-L3. There 

is a central tendon at the roof the muscle/dome to the underside of the pericardial sac. It 

is the primary muscle of respiration and during normal contraction the central tendon is 

pulled down towards the viscera. When the abdomen is relaxed as it is during resting 

breathing the viscera move inferior in response to the diaphragmatic pressure. Once 

this caudal movement of the viscera is exhausted and once the diaphragm is in contact 

with the viscera the inferior decent of the muscle is halted, the central tendon is now 

fixed and the rest of the muscle continues to contract, leading to lower rib movement. 

Consequently this contact with the viscera may indeed help with normal diaphragm 

muscle functioning during resting respiration. During periods of running the abdominal 

muscles are contracting to provide lumbopelvic stability, leading to an increase in intra-

abdominal pressure thus the overall ability of the viscera to descend from diaphragmatic 

pressure may be reduced. This will perhaps lead to an earlier and more rigid contact 

between the viscera and diaphragm. The right side of the diaphragm sitting on the liver 

has greater resistance to overcome than the left which is situated over the stomach and 

smaller left side of the liver. Typical diaphragmatic position during normal breathing 

reaches T4 (on the right: nipple line and approximately one level lower on the left due to 

the presence of the heart) during expiration and T7 during inspiration with the total 

excursion being approximately 10 cm. Its exact position is largely dependent on gender, 

age and body type.  

 

The largest of the visceral organs accounting for approximately 2% of body mass (e.g. 

in a 200 lb person the liver is 4lbs or slightly more than 1.8 kg), the liver is attached to 

the undersurface of the diaphragm via the falciform ligament (also attaches the liver to 

the posterior part of the anterior abdominal wall) and aerolar tissue at the bare area of 

the liver. The inferior surface of the liver is attached to the stomach via the lesser 

omentum, with size and mass of the stomach dependent on contents. It is then intuitive 
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that the mass of the viscera can pull the dome of the diaphragm inferior and influence 

diaphragm movement during resting respiration or could impede the descending 

diaphragm if the viscera were moving cranially. Further due to the direct attachments, 

the mass of the liver will undergo accelerations while running and therefore has direct 

mechanical effects on the diaphragm, and hence exercise respiration and respiratory 

flow. The viscera and diaphragm are attached and each is moving for different reasons 

during locomotion, the diaphragm and viscera are moving with the CM but the 

diaphragm is also moving cranially and caudally with respiration. The movements of 

each may not stay in phase with the rest of the CM while running. During running, the 

oxygen demands increase with increasing running speed. This results in need for 

increased ventilation, termed exercise hyperpnea. Speed of running is determined by 

the product of stride length and stride frequency, while ventilation is the product of tidal 

volume and breath frequency. To couple both of the needs of increase oxygenation to 

speed, as well as coordination is a complex task. Certain phase relationships will result 

in cases where the viscera will be moving cranially while the diaphragm is moving 

caudally during inspiration or the viscera may be moving caudally while the diaphragm 

is moving cranially during expiration. This phenomenon, that we term step induced flow 

transients, may be responsible for the change in airflow from smooth biphasic flow 

during rest to a pulsatile form during running, and further an inappropriate timing 

between breathing and footfalls may be responsible for the stitch in the side.  

 

Stitch in the Side  
 
One aspect to consider about RLE and its potential benefits is its relation if any to the 

stitch in side. The stitch in the side has been with man for a long time, as Pliny the elder 

(AD 23 – August 24, AD 79) an ancient author and naturalist has been quoted as saying 

“…in antiquity they used to burn away the spleen of runners because it interfered with 

their running” (Sinclair, 1951).Side stitch, side cramp, side ache or subcostal pain are 

terms one might see in the literature to describe the presence of a stitch (Eichner, 2006; 

Morton and Callister, 2000). The largest study to date reports the presence of the stitch 

is high with 61% of runners experiencing a stitch within the last year of training (Morton 



 10

and Callister, 2000). This frequent complaint is most commonly experienced but not 

confined to the lateral aspect of the mid abdominal area. A stitch, or exercise-related 

transient abdominal pain (ETAP) (Morton and Callister, 2000; Morton and Callister, 

2002; Morton, 2003; Morton et al., 2004; Morton et al., 2005; Morton and Callister, 

2007) has been described typically as unpleasant, transient and recurring. It often 

subsides with cessation of activity (Dimeo et al., 2004) and is described as a well 

localized sharp pain when severe and cramping or aching when less intense (Morton 

and Callister, 2000). If severe it is longer lasting and may leave the athlete with residual 

pain. It is more common in runners, swimmers, and horseback riders and less common 

but still present in cyclists (Eichner, 2006; Morton and Callister, 2000; Morton and 

Callister, 2002; Peters et al., 1993; Morton et al., 2005). In triathletes ETAP is a more 

common (Dimeo et al., 2004; Sullivan and Wong, 1992) and a longer lasting (Eichner, 

2006) complaint with the running component than during the swimming or cycling 

component during training. 

 

Morton and Callister (Morton and Callister, 1999; Morton and Callister, 2000; Morton 

and Callister, 2002; Morton, 2003; Morton et al., 2004; Morton and Aune, 2004; Morton 

et al., 2005; Morton and Callister, 2007) appear to be the most referenced authors on 

the topic of ETAP and have shed light on many important factors influencing this 

condition. In 2000 they examined the etiology of ETAP via a questionnaire to 965 

participants in six different sports. ETAP was remarkably similar in description and 

location across all sports so they concluded that ETAP was likely a single condition, not 

a variety of pains. They also found that ETAP was prevalent in 61% of the respondents 

and was more likely to occur during competition or higher exercise intensities. They also 

found that for many, ETAP is an unwelcome companion to exercise with 84% of 

respondents suffering from ETAP, believing it affected performance by decreasing 

training intensity or causing them to stop the activity altogether. In addition 52% and 

38% respectively stated that eating and drinking (which increases the weight of the 

stomach) increased or provoked the onset of ETAP. Respondents that reported eating 

before activity provoked ETAP were more likely to suggest drinking before exercise also 

provoked ETAP. Those respondents rating ETAP as most severe, also had a greater 



 11

frequency of ETAP had more residual soreness and the soreness took longer to abate. 

In 2002, this same group examined factors that influence ETAP. They again showed 

that ETAP was increased with fluid ingestion, as well, the prevalence, severity and 

frequency of ETAP decreased with age, while there was no significant difference when 

considering gender or BMI. Training on the other hand seemed to lessen the frequency 

of ETAP but did not affect the intensity of the complaint if and when present in those 

more trained.  

 

Morton and Callister (2005) demonstrated that ETAP was more prevalent in runners 

than walkers thus duplicating the findings of Bebache and coworkers in 1977. They also 

illustrated that the most common site (46%) of those complaining of pain was the right 

abdominal area (recall the liver is on the right), with ETAP being worse in those who 

had a larger pre-event meal 1-2 hours before the run. This pre-event ingestion of food 

would increase visceral mass and thus influence the coordination of breathing and 

running, and leading to an increased likelihood of poor coordination and therefore the 

incidence of stitch in the side or ETAP.  

 

The cause of ETAP (Morton and Aune, 2004; Morton and Callister, 2007; Plunkett and 

Hopkins, 1999) has not been well investigated and has attracted more speculation than 

research and to this day remains poorly understood. There is an abundance of 

anecdotal information on the cause, symptoms, provocation and treatment of ETAP. 

The vexing but benign complaint of ETAP has several potential explanations or theories 

which typically include ischemia of skeletal muscle including the diaphragm, irritation to 

or tugging of the peritoneal/visceral ligaments or irritation of the parietal peritoneum 

(Eichner, 2006; Morton and Callister, 2000; Morton, 2003; Sinclair, 1951). Other 

potential causes include but are not limited to a decrease in splanchnic blood flow, 

dehydration, electrolyte issues, hormones, diet, malabsorption of carbohydrates, gastric 

emptying and transit time (Peters et al., 1993). Two theories however, ischemia of the 

diaphragm muscle, and stress on sub diaphragmatic ligaments supporting the viscera 

have garnered the most attention in the literature to elucidate the cause of ETAP 

(Plunkett and Hopkins, 1999; Morton, 2003; Sinclair, 1951). Interestingly, the role of the 
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visceral piston theory and its relation to stitch production has not been studied or 

postulated.  

 

 In 1999, Plunkett and Hopkins conducted a study on a stitch induced by running after 

fluid ingestion. The two competing theories they addressed in their study were 

Ligamentous-pain theory (LPT) and Ischemic-pain theory (IPT). LPT suggests that stitch 

is due to visceral ligaments at the site of attachment to the diaphragm, while IPT 

suggests stitch is due to ischemic pain from shunting of blood away from the diaphragm 

and other respiratory muscles to the gut and exercising muscles. In the study they 

induced a stitch in treadmill exercising subjects by having them ingest fluids with 

differing digestibility or absorption rates. The intake of fluid was body-mass-adjusted 

to14 ml/kg of body weight to account for size differences between subjects. They 

reasoned that inducing stitch with fluids of differing digestibility should distinguish 

between LPT and IPT. The fluids ingested consisted of water, Exceed, decarbonated or 

flat Coke, and a solution of sugar lactulose. Water was chosen as an easily absorbable 

fluid that would have minimal stimulation for digestion. Exceed and Coke are high 

energy absorbable fluids, commonly used by athletes before competition, while 

lactulose was chosen as a non absorbable fluid. They studied 10 males who were 

active in many sports but not competitive in running that were also prone to suffering 

from a stitch. They performed a running protocol on the treadmill consisting of an 8 

minute warm up (2 minutes each at 8, 10, 12, and 14 km/h) followed by 8 minutes of 

rest. After the rest, the subjects then consumed the 14ml/kg of fluid quickly (60-150s) 

followed by 4 bouts of 5 minutes of running (speed 14-16 km/h) with a 10 min break 

between bouts. This protocol was repeated 5 times, once with no fluid ingestion and 4 

times with the different fluids. All subjects were stitch free to start and stitch gradually 

increased during each bout. During the first two 5 min bouts of running, stitch was 

significantly more for all fluids compared to no fluid. Subsequently stitch declined only 

with Exceed, reaching a level of no fluid by the last two bouts of running. Into the fourth 

bout of running, the discomfort with lactulose remained significantly higher than water 

and Exceed. In a second phase of the study, seven participants performed a number of 

physical maneuvers to determine their influence if any on the presence or intensity of 
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stitch/discomfort. Contracting abdominal muscles, modified breathing and wearing a 

tightened weight belt were chosen to increase intra-abdominal pressure to reduce 

tugging of the viscera on the diaphragm. Increased or exaggerated initial foot contact 

while running and relaxing the abdominal muscles were chosen to potentially increase 

the “tugging of the viscera on the diaphragm”. The stitch declined significantly and 

rapidly with abdominal contraction, modified breathing and tightening of the weight belt. 

The stitch was then restored within a minute of cessation of these maneuvers. On the 

other hand, exaggerated initial contact and relaxing the abdominal muscles did not 

show an increase in stitch. With exaggerated initial contact some participants 

experienced an exacerbation in their stitch while others it was abated. The authors did 

not ascertain whether these maneuvers increased the tugging on the ligaments. They 

concluded that stitch was alleviated by maneuvers that decreased the tugging of the 

viscera on the diaphragm and the discomfort remained high with lactulose. Their 

observations could not be explained by the IPT but strengthen the notion that stitch 

onset increases when the fluid engorged stomach tugs on the diaphragm. According to 

the LPT, stitch onset should be rapid with ingestion of any fluid, and should remain high 

as long as the fluid is present. Also maneuvers designed to decrease ligamentous 

tugging should alleviate the stitch. These results strengthen the LPT and reduce the 

merits of the IPT.  
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Summary 
 

The literature shows that there is unequivocal evidence that RLE exists in man and 

other mammals. It has been shown to exist while walking with crutches, using a 

wheelchair, horseback riding, cross country skiing, cycling and running. RLE is 

influenced by the type of exercise, degree of fitness with the fit coupling sooner in their 

run, and training can improve RLE. As well, in some RLE improves economy of exercise 

and others it does not. The VPT is the leading theory to explain the underlying 

mechanism behind RLE. However there remains debate on the merits of the VPT, that it 

is not the sole reason behind the RLE. The stitch in the side is a phenomenon observed 

in a substantial number of runners and with many impacting their ability to train or 

participate in running. The presence of a stitch may reflect an aberrant coupling (RLE) 

between breathing and footfalls, resulting in an undesirable visceral piston motion. This 

detrimental coupling would have a negative impact on respiratory flow during running 

leading to ETAP and LPT, or other untoward effects on muscles of respiration.  

 

Despite the unequivocal existence of high levels of coordination between breathing and 

locomotion (RLE), there is an absence of experiments to examine the role of VPT on 

instantaneous flow during running. It is reasonable to postulate that there should be 

step related changes in respiratory flow as a result of visceral motion effects on the 

diaphragm. This study is directed to understand the relationship between breathing and 

locomotion, and specifically to evaluate the visceral piston theory by characterizing the 

magnitude and timing of step induced flow transients, and the change in these as a 

result of perturbation.  
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Objectives  
Objective 1: To document speed dependent changes in heart rate, rating of perceived 

exertion for effort (RPEE) and rating of perceived exertion for breathing (RPEB). To 

document the magnitude and timing of step induced respiratory flow transients.  

 

Objective 2: To document the effect of the two perturbations on RPEE, RPEB, heart rate 

(HR), magnitude of step induced flow transients (SIFTMAG), timing of step induced flow 

transients (SIFTT), breathe cycle duration (BCD), and RLE ratios.  

 

2.1 vocalization perturbation:”talk while run” and 

2.2 fluid ingestion (visceral mass) perturbation.  

 

Hypotheses  
Vocalization during running will result in an increase in RPEB, and heart rate. The 

vocalization task will also increase SIFTMAG. The vocalization task will also produce 

short term uncoupling of RLE. RPEE will be unchanged post perturbation and no 

alteration in SIFTT will be seen with this trial (as there will be no change in visceral 

mass). 

 

Fluid ingestion will result in an increase in RPEB, and heart rate. RPEE will be 

unchanged post perturbation. The fluid ingestion perturbation will increase SIFTMAG, 

SIFTT, (due to a change in visceral mass) and increase BCD. The fluid ingestion will 

uncouple RLE for a short term.  
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Methods 

Subjects 
 

A group of ten experienced runners (5 male and 5 female) were recruited for the study. 

Inclusion criteria  

The subjects were between the ages of 18-35 years. The runners were operationally 

defined as experienced if they met or exceeded the following criteria:  

1. had run for a minimum of 1 year, 

2. run more than 10 miles/week, over the last 2 months,  

3. were able to run at a speed of 7.5 mph on a treadmill (8 min/mile pace) for 1 mile, 

and 

4. had run on a treadmill in the last 4 months.  

Exclusion Criteria 

The participants were to be free from any medical condition that precluded them from 

running.  

 

Recruitment and Consent 

Recruitment was performed by posters in specify locations, and word of mouth. All 

participants were required to provide informed consent. Ethical approval was obtained 

from Human Research Ethics Board for the Faculty of Medicine, University of Manitoba 

(HREB approval: H2008:314).  

Sample Size  

The number of subjects per group to detect a difference of 20% change in foot strike 

induced flow changes was calculated using an alpha level of 0.05 and a Beta level of 

0.1 (overall power of 0.8). We expect that vocalization of a phrase and the ingestion of a 

specified volume of fluid (enhancing visceral mass) will have substantive influence on 

step induced respiratory flow transients (unpublished data). There are no published 
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records of this information. We have observed flow differences exceeding 25%. The 

measurement error associated with flow detection is low (less than 15%). The minimum 

subject number to demonstrate perturbation induced flow changes was determined to 

be 7 subjects. This estimated sample size compares favorably to other studies in this 

field (Bonsignore et al., 1998; Bernasconi et al., 1995; Plunkett and Hopkins, 1999). 

Tibial Acceleration  
A miniature linear, uniaxial accelerometer (Model EGAX-F10/R, 15 x 13 mm, IC 

Sensors, Fairfield, NJ, USA) was attached to the mid-anterior border of the tibia of the 

right leg. The accelerometer was sensitive to changes in acceleration in the anterior 

posterior direction. The accelerometer was connected to an operational amplifier (PS-

30A power supply amplifier) with gain and offset control. The output of the 

accelerometer was sent to the PM 3335 Oscilloscope for viewing and then to a data 

acquisition system (Data Translation 9800 series data acquisition system).  

Calibration of Accelerometer 
 
For each subject the accelerometer was calibrated using a gravitational orientation 

method. Sensitive axis of the accelerometer was orientated to two controlled 

orientations, horizontal (0°) and inverted horizontal (180°) relative to gravity (Webber 

and Kriellaars, 2004). These two positions correspond to gravitational accelerations of 

9.81 m/s2 and -9.81 m/s2 respectively. Voltage recorded from the accelerometer was 

then plotted against the gravitational acceleration sensed by the sensitive axis of the 

accelerometer at each position (90°and 180° relative to gravity or 9.81 m/s2 and -9.81 

m/s2 respectively).  
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Respiratory Flow 
 
Respiratory flow was measured using a pneumotach and amplifier system. This system 

consisted of the following: 

 

1. A silicone mask covering both the nose and the mouth, 

2. bi-directional screen pneumotach, 

3.  differential pressure sensor (Validyne model MP45-14 +/- 2cm H20) 

4. attached to a Carrier demodulator (Validyne Model MC1-3 CD 19) with a PS 238 

power supply. 

 

The bi-directional screen pneumotach will take typical turbulent inspiratory and 

expiratory flow and make it columnar. This columnar flow is sent to the differential 

pressure sensor so as to measure the pressure differential of inspiratory and expiratory 

flow. Pressure differential of expired/inspired gas motion is proportional to flow, and is 

converted to a flow signal by the carrier demodulator. The output of flow was sent to a 

PM 3335 Oscilloscope, and then to a data acquisition system (Data Translation 9800 

series) where they were digitized converted to text files.  

Calibration of Pneumotach 
 
For each subject calibration of the pneumotach was done with the 3 liter calibration 

syringe (Hans Rudolph). The syringe was connected to the pneumotach then emptied 

with a stroke, passing 3 liters of air through the pneumotach. This process was repeated 

6 times for expiration and 6 times for inspiration. The area under the curve was 

determined for each trial and a calibration constant derived. The mean value for the 

expiration and inspiration trials was calculated and used to calibrate the flow sensor 

system (millilitres/s; ml/s).  



 19

Protocol  
 
The subjects were requested to abstain from any large meal or ingestion of any 

caffeinated drink for 3 hours prior to partaking in the study. Upon arrival to the lab the 

subjects completed the participant information/consent form and the research 

participant running experience/medical questionnaire. Their body mass and height were 

recorded using a scale (Continental Health-O-Meter). A polar heart rate chest strap, the 

pneumotach and the accelerometer were attached to each subject.  

Prior to the start of the protocol each subject performed 2 minutes of walking at 3.5 mph 

and 2 minutes of running a 6.5 mph to get accustomed to running with the attached 

devices. Following this they remained stationary (standing on the treadmill) until their 

heart rate returned to a resting level. Following the walk/run orientation, the subjects 

performed (Table 1) a speed running trial, a vocalization trial and a fluid ingestion trial 

while running on a treadmill (Vision Fitness T9700S).  

 

Speed Protocol 
 
 The speed trial had the subjects perform running at four different speeds. The subjects 

started running at 6.5 mph and at 2 minute intervals the speed of the treadmill was 

increased by 0.5 mph to 7.0, then 7.5, and finally 8.0 mph. Following this the subject ran 

for 1 minute at 6.5 mph and then was given a 2 minute rest which consisted of standing 

stationary on the treadmill. At the end of the speed trial, during the rest time before the 

start of subsequent running trials, the subjects were asked to identify the speed at which 

they felt most comfortable running. This speed would be referred to as their preferred 

running speed.  

Vocalization Protocol 
 
The vocalization trial began by running again at 6.5 mph for 1 minute, and then their 

running speed was increased to their preferred running speed for 3 minutes. At the 1 

minute and 2 minute mark of running at their preferred speed, a vocalization 

perturbation task was completed. The subjects were instructed to enunciate the phrase 
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“AEIOU”. The subjects were instructed to complete this during one breath cycle and 

prior to the onset of running this task was practiced. All subjects could complete the 

vocalization task in one breath cycle. Following the third minute of running at their 

preferred speed the subject again rested for 2 minutes.  

 

Fluid Ingestion Protocol 
 
This trial began with a 1 minute run at 6.5 mph, consequently the treadmill speed was 

increased to their preferred running speed for 2 minutes. The subjects then stopped 

running, straddled the treadmill, the mask was removed to allow for the consumption of 

a specified volume (14 ml/kg of body mass) of flat, decaffeinated diet coke. The 

subjects had 2 minutes to consume the fluid. The decaffeinated diet coke was decanted 

in a wide-mouthed container for several hours to ensure it was fully decarbonated. The 

mask was reattached and the subjects immediately started running for four minutes at 

the preferred speed. All the subjects were able to consume the body mass adjusted 

volume of fluid in the time allotted. 

Effort and Heart Rate 
 
General effort perceived exertion of exercise (RPEE), respiratory perceived exertion 

(RPEB) and heart rate were obtained during the following: during the final 15 seconds of 

each speed trial; immediately before and after the vocalization perturbation; during the 

final 15 seconds of the first minute of the preferred running speed prior to fluid ingestion 

and during the final 15 seconds of each minute of the post fluid ingestion running trial. A 

Borg 6-20 category ratio scale (Dawes et al., 2005; Borg, 1998) was shown to the 

subjects with one number indicated by the investigator; the subject would then specify if 

their RPE response was higher, lower or correct using hand signals. This method 

ensured there would be no interruption to respiration or RLE due to unnecessary 

vocalization. The subjects were also asked to report with pre determined hand signals 

the incidence of stitch occurring at any time during the protocol, and in a manner similar 

to Plunkett and Hopkins (Plunkett and Hopkins, 1999), if any stitch was present they 
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would be asked to rate it on Borg’s scale. This RPE would be referred to as RPE stitch 

(RPES). 
Table 1: Experimental Protocol.  

Trials Speed 

 

Time 

(minutes)

 

RPEE RPEB Heart Rate 

Speed Trial      

 6.5 mph 2 X X X 

 7.0 mph 2 X X X 

 7.5 mph 2 X X X 

 8.0 mph 2 X X X 

 6.5 mph 1    

 Rest  2    

Vocalization Trial 6.5 mph 1    

 Preferred speed 1    

Perturbation AEIOU  X X X 

 Preferred speed 1 X X X 

Perturbation AEIOU  X X X 

 Preferred speed 1 X X X 

 Rest 2    

Fluid Trial 6.5 mph 1    

-Pre Fluid Preferred 1 X X X 

 Preferred 1 X X X 

Subject Stops & Drinks Fluid    

-Post Fluid Preferred 1 X X X 

 Preferred 1 X X X 

 Preferred 1 X X X 

 Preferred 1 X X X 

Walk/Recovery Walk/Recovery 2 X X X 

  2 X X X 
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Data Acquisition 
Respiratory flow and tibial acceleration were sampled at 500 Hz (Data Translation 9800 

Data Acquisition System) using programmable data acquisition software (Scope, 

version 2.2.0.30) continuously during all trials.  

 

Signal Processing and Analysis  
 
A number of parameters were derived from the flow and tibial acceleration waveforms.  

The raw flow and acceleration waveforms were processed to extract pertinent 

parameters (Figure 1). Waveform A is raw respiratory flow with expiration in a positive 

direction and inspiration in a negative direction. Waveform B is raw acceleration. Digital 

filtering (low pass and high pass) was used to generate a number of subsequent 

waveforms. Waveform C was generated by passing the raw tibial acceleration 

(waveform B) through a high pass filter set at 15 Hz. This signal processing extracted 

the foot strike transient to allow for step detection. Waveform D was produced by 

passing waveform A (raw respiratory flow) through a low pass filter set at 2 Hz removing 

the high frequency step induced flow transients. This permitted identification of the 

initiation and termination of the breath cycle. Waveform E was generated by passing 

respiratory flow through a high pass filter set at 1Hz. This process allowed for the 

extraction of the step induced flow transients. Waveform F is a full wave rectified 

version of the high pass filtered tibial acceleration (Waveform C). This signal processing 

provided a foot strike signal suitable for triggering using a simple threshold based 

algorithm for right foot strike detection.  

 

Once the waveform filtering process was complete, further analysis was completed to 

garner the parameters of interest (SIFTMAG, SIFTT, BCD, and RLE ratio).The step 

induced flow transients were characterized in magnitude and in timing relative to the 

right footfall (SIFTMAG, SIFTT). Footfalls were automatically detected by the software 

using a threshold and visually verified. Using footfall triggered waveform averaging with 
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a window of 500 ms and a pre-trigger delay of 100 ms the software (Analysis Software, 

www.scrc.umanitoba.ca) derived the peak flow reduction within an identified window 

(SIFTMAG), as well, the timing of the peak SIFT (SIFTT) was derived from the step cycle 

averaged waveform using two cursors.  

 

Breath cycle duration was derived from the low pass filtered respiratory flow waveform. 

The onset of expiration to the onset of the subsequent expiration was automatically 

detected (start and end markers) using threshold detection method within the software, 

set with markers. The time from one marker (onset of expiration) to the subsequent 

marker (onset of next expiration) was determined providing the BCD.  

 

In Figure 2, an example of raw respiratory flow with a large SIFTMAG is illustrated with 

respect to the step detection waveform F. One breath cycle is represented between the 

arrows (Figure 2). The “spikes” present in waveform F (Figure 2) represent foot strike. 

One stride would be one spike to subsequent spike. In Figure 2, there are 5 steps 

shown with 3 occurring during the illustrated breath cycle (3 to 1 RLE ratio). 
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Figure 1: Waveform A, raw flow; Waveform B, raw acceleration; Waveform C, high pass filtered 
(>15Hz) version of B – step induced acceleration; Waveform D, low pass filtered (<2 Hz) version of 
A – tidal volume, Waveform E, high pass filtered (>1 Hz) version of A – flow transients; Waveform 
F, full wave rectified version of Waveform C – step detection waveform. SIFTs are visible in 
waveform A as the foot strike accelerations appear with running.  
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RLE Ratio Analysis 
 

RLE ratio analysis allows for the determination of a coupling ratio of locomotion to 

respiration. RLE ratio will be presented as strides per breath cycle (onset of expiration 

to the onset of the subsequent expiration) and analyzed across the varying speeds of 

the speed trial and pre and  post perturbation trials (vocalization and fluid ingestion). 

Two methods were performed for RLE analysis. 

 

The first method of assessing RLE was simply counting the number of strides per 

breath cycle. The second method examined the strength of the RLE. The breath cycle 

was divided into 100 bins representing 0 to 100% of the breath cycle. The occurrence of 

each foot strike was then plotted on where it occurred versus the initiation of the breath 

cycle (start of expiration). If there was consistency of when the heel strike occurred 

versus the start of a breath cycle, a greater number of heel strikes would occur at that 

point in the breath cycle. This would relate to a greater percentage of heel strikes 

occurring at the given point in the breath cycle (Figure 3). If there was no consistency of 

when the heel strikes occurred versus the start of the breath cycle there would be a 

more even distribution of heel strikes throughout the bins of the breath cycle with no 

appreciable RLE ratio.  
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Figure 2: One breath cycle (between arrows) and corresponding right steps. Waveform A 
represents raw respiratory flow. Waveform F represents the processed tibial acceleration to detect 
foot strikes. A 3 to 1 RLE ratio is evident. Also shown are large step induced flow transients.  
  

1stride 
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Figure 3: Occurrence of foot strikes in a breath cycle. The breath cycle has been divided into 100 
bins corresponding to 0 to 100 percent of the breath cycle. The y axis is the percentage of foot 
strikes in each bin. A 2 to 1 RLE ratio is evident with peak proportion of slightly greater than 14%.  
 
 

Statistical Analyses 
 

The specific statistical approaches used for each trial are described below. An alpha 

level of 0.05 was used for all statistical tests.  

 

Speed Trial 
 
Ratings of perceived exertion (RPEB, RPEE), heart rate, and step induced flow 

transients (SIFTMAG, SIFTT) are the dependent variables in repeated measures ANOVA 

with each speed as a repeat (4 total). Post-hoc comparisons were performed between 

speeds when indicated. SIFTMAG and SIFTT were calculated using waveform averaging 

for the first 30 s or running and final 30 second of running at each speed (6.5, 7.0, 7.5, 

8.0 mph). 
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Vocalization Trial 
 

When comparing pre vocalization to post vocalization, dependent (paired) t test were 

performed for ratings of perceived exertion (RPEB, RPEE), heart rate, step induced flow 

transients (SIFTMAG, SIFTT), BCD and RLE ratios. This was performed for each of the 

two vocalization bouts. SIFTMAG and SIFTT were calculated using waveform averaging 

for the 20 s of running just prior and the 20 s of running immediately following each 

vocalization perturbation bout. BCD was determined by the duration of the 5 breaths 

just prior and immediately following each vocalization perturbation bout. 

Fluid Ingestion Trial 
 
When comparing pre fluid ingestion to post fluid ingestion a dependent t test was 

performed for step induced flow transients (SIFTMAG, SIFTT), BCD and RLE ratios. For 

RPEB, RPEE and heart rate a repeated measures ANOVA was used to assess the 

change over the course of 5 minutes (1 minute pre and 4 minutes post) after fluid 

ingestion (minutes as the repeats). Post-hoc comparisons were performed when 

indicated. SIFTMAG and SIFTT were calculated using waveform averaging for the 20 s of 

running just prior and the 20 s of running immediately following the fluid ingestion. BCD 

was determined by the duration of the 5 breaths just prior and immediately following 

each the fluid ingestion perturbation. 
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Results 
The results are organized based upon the type of trials; speed, vocalization, and fluid 

ingestion.  

Subjects 
There were 5 male and 5 female subjects recruited for the study. The physical 

characteristics of the subjects are shown in Table 2.  

 
Table 2 Subject Characteristics.  
Subject Gender  Age (years) Mass (kg) Height (cm) BMI 

1 Female 25 55.5 162.6 21.0 
2 Female 24 56 167.6 19.93
3 Male 26 81.5 170.2 28.14
4 Female 25 48.5 162.6 18.35
5 Male  24 83 180.3 25.52
6 Female 33 59.5 166.4 21.50
7 Male 22 72.5 170.2 25.03
8 Female 22 49.5 164.5 18.30
9 Male 22 71.5 181.6 21.68

10 Male 18 66.5 182.9 19.88
Mean  24.1 64.4 170.9 22 

SD  3.87 12.51 7.89 3.28 
 

 

Speed Dependent Effects 

Preferred Speed 
 

Following the speed trial, during the rest period the subjects were asked to decide on 

their preferred speed (Table 3). This was chosen from the four running speeds in the 

speed trial (6.5, 7.0, 7.5, and 8.0 mph). This speed would be the running speed for the 

perturbation trials. 
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Table 3: Subjects and their preferred running speeds chosen from the speed trial. 
Subject Preferred Running Speed

(mph) 
1 7.5 
2 7.5 
3 7.0 
4 7.5 
5 7.5 
6 7.0 
7 8.0 
8 7.0 
9 7.0 

10 7.5 
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Ratings of Perceived Exertion Breathing 
 
Repeated measures ANOVA was used to test for the significance of a change in 

intensity of RPEB between the speeds (6.5, 7.0, 7.5, and 8.0 mph). RPEB increased (F= 

33.2, p<0.001) as speed increased from 6.5 to 8.0 mph as shown in Figure 4. A post-

hoc comparison was performed and the 6.5 mph RPEB was significantly different from 

each RPEB at 7.5 mph and 8.0 mph but not from 7.0 mph. 
.  

 
Figure 4: The relationship between RPEB and speed of running. Mean and 95% confidence interval 
are plotted. A significant increase in RPEB was observed (F=33.2, p< 0.001).  
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Ratings of Perceived Exertion Effort 
 
Repeated measures ANOVA was used to test for the significance of a change in 

intensity of RPEE between the speeds (6.5, 7.0, 7.5, and 8.0 mph). RPEE increased (F= 

70.7, p<0.001) as speed increased (Figure 5). A pair-wise comparison was performed 

post hoc and the 6.5 mph RPEE was significantly different from RPEE at 7.0, 7.5 and 8.0 

mph. 

 

Figure 5: The relationship between RPEE and speed of running. Mean and 95% confidence interval 
are plotted. A significant increase in RPEE was observed (F=70.7, p< 0.001). 



 33

 

Heart Rate 
 
Repeated measures ANOVA was used to test for the significance of a change in HR 

between the speeds (6.5, 7.0, 7.5, and 8.0 mph). HR increased (F= 48.5, P<0.001) as 

speed increased (Figure 6). A pair-wise comparison was performed and the HR at 6.5 

mph was significantly different from each HR at 7.0, 7.5 and 8.0 mph.  

 

 
Figure 6: The relationship between heart rate and the speed of running. Mean and 95% confidence 
interval are plotted. A significant increase in heart rate was observed (F=48.5, p<0.001).  
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Peak Tibial Acceleration 
 
Repeated measures ANOVA was used to test for the significance of a change in 

average peak tibial acceleration for the first 30 s and final 30 s of running at each speed 

(6.5, 7.0, 7.5, and 8.0 mph). Peak tibial acceleration increased significantly as speed 

increased for the first 30 s (F= 45.2, P<0.001) (Figure 7) and also the final 30 s of 

running at each speed (F= 24.3, P<0.001) (Figure 8). A pair-wise comparison was 

performed and the mean peak tibial acceleration at 6.5 mph was significantly different 

from the mean peak tibial acceleration at 7.0, 7.5 and 8.0 mph during the first and final 

30 s of running at each speed.  

 
Figure 7: The relationship between mean peak tibial acceleration and the speed of running, for the 
first30 s of running at each speed (6.5, 7.0, 7.5, 8.0 mph). Mean and 95% confidence interval are 
plotted. A significant increase in peak tibial acceleration was observed (F=45.2, p<0.001). 
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Figure 8: The relationship between mean peak tibial acceleration and the speed of running, for the 
final 30 s of running at each speed (6.5, 7.0, 7.5, 8.0 mph). Mean and 95% confidence interval are 
plotted. A significant increase in peak tibial acceleration was observed (F=24.3, p<0.001). 
 

Step Induced Flow Transients 

Magnitude  
 
Repeated measures ANOVA was used to test for the significance of a change in 

magnitude of the step induced flow transients (SIFTMAG), for the first 30 s and final 30 s 

of running at each speed (6.5, 7.0, 7.5, and 8.0 mph). SIFTMAG increased significantly as 

speed increased for the first 30 s (F= 4.3, P<0.001) (Figure 9). As evaluated by ANOVA, 

the SIFTMAG did not change significantly when the speed of running increased from 6.5 

mph to 8.0 mph. during the final 30 s of running at each speed. A pair-wise comparison 

was performed and the mean SIFTMAG at 6.5 mph was significantly different from each 
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SIFTMAG at 7.5 and 8.0 mph but not 7.0 mph during the first 30 s of running at each 

speed. SIFTMAG was verified visually with raw respiratory flow visually to substantiate 

that SIFTMAG was in fact present. 

 

 
Figure 9: The relationship between mean SIFTMAG and the speed of running, for the first 30 s of 
running at each speed (6.5, 7.0, 7.5, 8.0 mph). A significant increase in SIFTMAG (F=4.3, p<0.001) 
was observed. 
 

Timing 
As evaluated by ANOVA, the timing (time from heel strike to peak flow suppression) of 

the step induced flow transients (SIFTT) did not increase when the speed of running 

increased from 6.5 mph to 8.0 mph. The mean SIFTT across the speeds are shown in 

Table 4. 
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Table 4:  SIFTT across the speeds for the first 30 s and final 30 s of running at each speed. Mean 
and standard deviation shown. 
Speed (mph) 6.5 7.0 7.5 8.0 
First 30 s SIFTT mean (ms)  51.8 (9) 53.6 (8) 52.4(9) 51.0 (8) 
Final 30 s SIFTT mean (ms) 53.9 (10) 53.6 (8) 52.0 (7) 53.6 (10) 
 
The average respiratory flow for subjects across speeds is shown in table 5. There was 

a significant (p<0.05) increase in flow magnitude with speed. The percentage of flow 

reduction (SIFTMAG) to average peak flow is shown in table 6. Across the speeds, the 

mean SIFTMAG represented as a percentage of average peak flow is 25.2%.  

Table 5: The average maximal flow across the speeds (ml/s)  
Subjects Speed of Running (mph) 
 6.5 7.0 7.5 8.0 
1 1669 1907.5 2352 2706.5
2 2529 2566 2895 3194.5
3 2808 3188 3148.5 3298.5
4 2082.5 2403 2510.5 2705 
5 2676 2757.5 2885.5 2961.5
6 2221.5 2452.5 2664.5 2812.5
7 2353.5 2184.5 2551.5 2785 
8 1730.5 1845 2229.5 2478.5
9 3072 3194.5 3751.5 3683.5
10 2566 2806.5 3147 3137 
Mean 2370.8 2530.5 2813.6 2976.3
SD 453.1 471.7 453.6 355.2 
 
Table 6: SIFTMAG expressed as percentage of mean peak respiratory flow for all speeds. 
Subjects Speed of Running (mph)
 6.5 7.0 7.5 8.0 
1 27.9 19.0 18.1 18.0 
2 48.5 46.6 51.5 52.4 
3 16.5 27.0 16.0 13.8 
4 19.0 19.9 17.0 16.0 
5 14.9 19.2 20.9 20.1 
6 18.9 24.5 24.8 26.0 
7 53.2 51.8 48.9 17.1 
8 16.7 24.6 16.0 20.9 
9 38.8 34.9 24.8 27.6 
10 8.3 8.3 8.9 9.4 
Mean 26.3 27.6 24.7 22.1 
SD 15.4 13.3 14.2 11.9 
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Respiratory Locomotor Entrainment Ratio 
RLE ratio analysis for the speed trial was performed (Table 7). As evaluated by ANOVA, 

the RLE ratio did not change significantly when the speed of running increased from 6.5 

mph to 8.0 mph. Six subjects switched back and forth between a 2 to 1 and a 3 to 1 

coupling ratios during the speeds as indicated in table 7. The frequency of occurrence 

of RLE ratio is shown in Table 8. The 3 to 1 ratio was the predominant ratio observed 

across the speeds. 

 
Table 7: RLE ratio (strides per breath cycle) for the speed trial. 2 to 1/3 to 1 indicates subject 
switched back and forth between these 2 ratios. 
Subject 6.5 mph 7.0 mph 7.5 mph 8.0 mph 

1 2 to 1 4 to 1 2 to 1/3 to 1 2 to 1 
2 2 to 1 3 to 1 2 to 1 2 to 1 
3 3 to 1 3 to 1 3 to 1 3 to 1 
4 2 to1 3 to 1 2 to 1/3 to 1 3 to 1 
5 4 to 1 4 to 1 4 to 1 2 to 1 
6 3 to 1 3 to 1 3 to 1 3 to 1 
7 2 to 1/3 to 1 3 to 1 2 to 1 2 to 1/3 to 1
8 3 to 1 3 to 1 4 to 1 3 to 1 
9 2 to 1/3 to 1 3 to 1 3 to 1 4 to 1 
10 2 to 1 2 to 1 or 3 to 1 3 to 1 2 to 1 

 
 
Table 8: RLE ratio frequency and percentage across speeds for all subjects. 
RLE Ratio Frequency Trials Percentage
2 to 1 10 40 25 
3 to 1 18 40 45 
4 to 1 6 40 15 
2 to 1/3 to 1 6 40 15 
 

Vocalization Dependent Effects 
 
The vocalization trial has 2 bouts of vocalizations with one taking place at the end of the 

first minute of running at the preferred speed and one at the end of the second minute 

of running at the preferred speed. The first perturbation is referred to as bout 1 and the 

second perturbation as bout 2. 
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 A representative vocalization bout showing the effects of vocalization on SIFTMAG and 

BCD is shown in Figure 10. The differences observed as a result of vocalization are 

reported in the sections below.  

 

Figure 10: The effect of vocalization on the SIFT and BCD. The left hand panel is pre-vocalization 
(5 s) and the right hand panel is post vocalization (5 s). Post vocalization SIFTMAG is increased and 
BCD is decreased. The upper waveform is raw flow and the lower is a full wave rectified version of 
tibial acceleration. Vertical lines depict the start of expiration. 

Ratings of Perceived Exertion Breathing 
 
A dependent t test was performed on the pre and post vocalization RPEB. In both 

vocalization perturbation bouts there was a significant (p<0.05 for perturbation bout 1 

and p<0.001 for perturbation bout 2) increase in RPEB (Figures 11 and 12). The mean 

RPEB for the first perturbation was 11.9 pre and 12.6 post, and 12.1 pre and 13.0 post 

for the second perturbation. 
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Figure 11: RPEB pre/post first vocalization perturbation. Mean and SD shown. A significant 
increase (p<0.05) was observed. 

 
Figure 12: RPEB pre/post second vocalization perturbation. Mean and SD shown. A significant 
increase (p<0.001) was observed. 
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 Ratings of Perceived Exertion Effort 
 

A dependent t test was performed was performed on the pre vocalization and post 

vocalization RPEE. In both instances there were no significant difference pre vocalization 

and post vocalization for both bouts. 

Heart Rate 
 
A dependent t test was performed on the pre vocalization and post vocalization heart 

rate. In both vocalization bouts there was a significant (p<0.05) increase in heart rate 

(Figures 13 and 14). The means for the first bout were 161.8 bpm pre and 163.3 bpm 

post. For the second bout the mean heart rate was 165.8 bpm pre and 166.6 bpm post. 

.  

 
Figure 13: Heart rate pre/post first vocalization perturbation. Mean and SD shown. A small but 
significant increase (p<0.05) was observed.  
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Figure 14: Heart rate pre/post second vocalization perturbation. Mean and SD shown. A small but 
significant increase (p<0.05) was observed. 
 

Peak Tibial Acceleration 
 
The average peak tibial acceleration was calculated pre vocalization and post 

vocalization for bout 1 and bout 2 (Table 9). There was no significant difference in 

average peak tibial acceleration post vocalization for bout 1 or bout 2. 

Table 9: Average Peak Tibial Acceleration pre and post vocalization for bout 1 and bout 2. Mean 
and SD shown.  
Bout  1 2 

Pre vocalization average peak tibial acceleration (mv) 637.6 (122)  655.7 (106.4)

Post vocalization average peak tibial acceleration (mv) 632.9 (90.5) 656.2 (117) 

 

Step Induced Flow Transients 
 
SIFT Perturbation Duration: SIFTMAG was analyzed for the entire vocalization trial. There 

was a clear change in SIFTMAG after vocalization. The duration of this perturbation was 

determined (Table 10). When the magnitude of the SIFTMAG returned to normal (pre 

perturbation) the duration of perturbation was deemed to finish. The average duration of 

perturbation change was 32.1 seconds for the first vocalization bout and 31.1 seconds 

for the final vocalization bout.  
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Table 10: Duration of SIFTMAG perturbation disruption for the bouts of the vocalization trial. 

Subject 
Bout 1 Duration 

(s) 
Bout  2 Duration 

(s) 

1 32 29 

2 35 33 

3 33 35 

4 47 31 

5 33 33 

6 32 38 

7 30 23 

8 26 35 

9 29 28 

10 24 28 

Mean 32.1 31.3 

SD 6.2 4.4 

 

 

Magnitude 
 

A dependent t test was performed on the pre vocalization and post vocalization SIFTMAG. 

When compared to the SIFTMAG pre vocalization, the SIFTMAG post vocalization 

increased significantly (p<0.05 for bout 1 shown in Figure 15 and p<0.001 for bout 2 

shown in Figure 16). SIFTMAG more than doubled for bout 1 (691ml/s to 1410 ml/s) and 

increased by 2.6 times (700 ml/s to 1820 ml/s) for bout 2. The increase in SIFTMAG 

corresponds to a greater magnitude of step induced flow reduction.  
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Figure 15: SIFTMAG pre/post first vocalization bout. Mean and SD shown. A significant increase 
(p<0.05) was observed. 
 

 
Figure 16: SIFTMAG magnitude pre/post second vocalization bout. Mean and SD shown. A 
significant increase (p<0.001) was observed.  

Timing 
 
The timing of peak SIFT was calculated pre vocalization and post vocalization 

perturbation (Table 11). There was no significant difference present for either 

vocalization bout. 
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Table 11: SIFTT for vocalization bouts 1 and 2. Mean and SD shown.  
Bout  1 2 

Pre vocalization SIFTT mean (ms) 55.4 (6.6) 55.8 (7.4)

Post vocalization SIFTT mean (ms) 56.4 (7.9) 56.8 (8.7)

 
 

Breath Cycle Duration 
 
A dependent t test was performed on the pre and post vocalization for BCD both 

vocalization perturbation bouts there was a significant (p<0.001 for perturbation bout 1 

and p<0.05 for perturbation bout 2) decrease in BCD (Figures 17 and 18).This decrease 

in BCD will lead to an increase in breath frequency. Prior to the first vocalization (bout 1) 

the BCD was 1.77 s and decreased to 1.43 s post vocalization. This corresponds to a 

19.3% decrease in BCD post bout 1. Prior to the second vocalization (bout 2) the BCD 

was 1.60 s and decreased to 1.42 s post vocalization. This corresponds to an 11.2% 

decrease in BCD post bout 2. 

 

 
Figure 17: The effect of vocalization on Breath Cycle Duration for bout 1. Mean and SD shown. A 
significant decrease (p<0.001) was observed.  
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Figure 18: The effect of vocalization on Breath Cycle Duration for bout 2. Mean and SD shown. A 
significant decrease (p<0.05) was observed. 

Respiratory Locomotor Entrainment Ratio  
 
The RLE ratio was compared pre vocalization and post vocalization perturbation. No 

significant difference was present for either bout 1 or bout 2. Figures19 illustrates the 

proportion of steps occurring phase locked to the breath cycle for a representative 

subject pre vocalization bout 1. This clearly shows two preferred positions for foot 

strikes to occur relative to the breath cycle pre vocalization. This is interpreted as a 2 

strides to 1 breath cycle RLE ratio (2 to 1). There is no effect of vocalization on the 

position of footfalls within the breath cycle as shown in Figure 20. Clearly a 2 to 1 RLE 

ratio is still present post vocalization bout 1. 
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Figure 19: The proportion of steps occurring within the breath cycle (pre vocalization bout 1). A 2 
to 1 RLE ratio displayed. 

 
Figure 20: The proportion of steps occurring within the breath cycle (post vocalization bout 1). A 2 
to 1 RLE ratio displayed. 

Stitch  
Subject 9 indicated the occurrence of a stitch (RPES of 11) during the second minute of 

the vocalization trial after the first vocalization task. The stitch remained for the 

remainder of this trial, resolved during the 2 minute rest between the vocalization trial 

and the fluid ingestion trial. When they resumed running for the fluid ingestion trial the 

stitch returned immediately (RPES of 9), and persisted for the remainder of the trial. 
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Fluid Ingestion Dependent Effects 
 
The subjects consumed 14ml/kg of flat decaffeinated diet coke during the fluid ingestion 

trial. The individual and mean fluid consumed is shown in Table 12.  

 

Table 12: Volume of fluid consumed.  
Subject Fluid consumed (l)  

1 0.777 
2 0.784 
3 1.141 
4 0.679 
5 1.162 
6 0.833 
7 1.015 
8 0.693 
9 1.001 

10 0.931 
Mean 0.9016 

SD 0.175 
 

Representative section during a fluid ingestion trial showing the effects of fluid ingestion 

on SIFTMAG and BCD is shown in Figure 21.  
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Figure 21: The effect of fluid ingestion on the SIFT and BCD. The left hand panel is pre fluid 
ingestion (5 s) and the right hand panel is post fluid ingestion (5 s). Post fluid ingestion SIFTMAG is 
increased and BCD is increased. The upper waveform is raw flow and the lower is full wave 
rectified tibial acceleration. Vertical lines depict the start of expiration.  
 
 

Ratings of Perceived Exertion Breathing 
 
Repeated measures ANOVA was used to test for the significance of a change in 

intensity of RPEB between minute 1 prior to fluid ingestion and the four minutes 

following fluid ingestion. RPEB increased (F= 23.3, P<0.001) post fluid ingestion (Figure 

22). A pair-wise comparison was performed post hoc and the pre drink RPEB was 

significantly different from each RPEB from minutes 1 though 4 of post fluid ingestion 

running. The maximum difference between RPEB minute 1 prior to fluid ingestion and 

post fluid ingestion time is 11.7 pre to 13.2 post for minutes 2 to 4. This is a 13% 

increase in RPEB post fluid ingestion. 
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Figure 22: The effect of fluid ingestion on RPEB. Mean and 95% confidence interval shown. A 
significant increase in RPEB was observed (F= 23.3, P<0.001). 
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Ratings of Perceived Exertion Effort 
 
Repeated measures ANOVA was used to test for the significance of a change in 

intensity of RPEE between minute 1 prior to fluid ingestion and the four minutes 

following fluid ingestion. RPEE increased (F= 7.2, P<0.001) post fluid ingestion (Figure 

238). A pair-wise comparison was performed post hoc and the pre drink RPEE was 

significantly different from each RPEE from minutes 2 though 4 of post drink running but 

not from RPEE for 1 minute post running. The maximum difference in RPEE between 

minute 1 prior to fluid ingestion and post fluid ingestion time is 12.0 pre to 12.8 post for 

minutes 2 to 4. This is a 6% increase in RPEE post fluid ingestion. 

 
Figure 23: The effect of fluid ingestion on RPEE. Mean and 95% confidence interval shown. A 
significant increase in RPEE was observed (F= 7.2, p<0.001). 
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Heart Rate 
 
Repeated measures ANOVA was used to test for the significance of a change in 

intensity of HR between minute 1 prior to fluid ingestion and the four minutes following 

fluid ingestion. HR increased (F= 73.7, p<0.001) post fluid ingestion (Figure 24). A pair-

wise comparison was performed post hoc and the pre drink HR was significantly 

different from minutes 1 though 4 of post drink running 

 

 
Figure 24: The effect of fluid ingestion on heart rate. Mean and 95% confidence interval shown. A 
significant increase in heart rate was observed (F=73.7, P<0.001).  
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Peak Tibial Acceleration 
The average peak tibial acceleration was calculated pre fluid ingestion perturbation and 

post fluid ingestion perturbation (Table 13). There was no significant difference in 

average peak tibial acceleration present post fluid ingestion. 

Table 13: Average Peak Tibial Acceleration pre and post fluid ingestion. Mean and SD shown.  
Pre fluid ingestion average peak tibial acceleration (mv) 633 (92.8)  

Post fluid ingestion average peak tibial acceleration (mv) 598 (112) 

 

Step Induced Flow Transients 

Magnitude 
 
A dependent t test was performed on the pre fluid ingestion and post fluid ingestion 

SIFTMAG. There was a significant increase (P<0.05) in SIFTMAG after fluid ingestion 

(Figure 25). A 156% increase in SIFTMAG was observed from 560.7ml/s to 878.7 ml/s.  

 

 
Figure 25: The effect of fluid ingestion on SIFTMAG. Mean and SD shown. A significant difference 
(p<0.05) was observed.  
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Timing 
 
A dependent t test was performed on the pre fluid ingestion and post fluid ingestion 

SIFTT. There was a significant increase (P<0.05) in SIFTT post fluid ingestion (Figure 

26). Prior to fluid ingestion the SIFT peak occurred 47 ms after foot strike and increased 

to 71 ms after fluid. This corresponds to a 151% ms shift in timing of the SIFT. 

 
Figure 26: The effect of fluid ingestion on SIFTT. Mean and SD shown. A significant difference 
(p<0.05) was observed.  
 

Breath Cycle Duration 
 
A dependent t test was performed pre fluid ingestion and post fluid ingestion BCD 

(Figure 27). The BCD increased (a decrease in breath frequency) significantly (p<0.05) 

post fluid ingestion. Prior to fluid ingestion the BCD was 1.6 s in length and increased to 

2.06 s after fluid ingestion. This corresponds to a 29% s increase in BCD post fluid 

ingestion.  
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Figure 27: The effect of fluid ingestion on BCD. Mean and SD shown. A significant difference 
(p<0.05) was observed. 
 

Respiratory Locomotor Entrainment Ratio 
 
A dependent t test was performed on the pre fluid ingestion and post fluid ingestion RLE 

ration. There was a significant increase (P<0.05) in RLE ratio post fluid ingestion (Figure 

28) 

 

 
Figure 28: The effect of fluid ingestion on RLE Ratio. Mean and SD shown. A significant increase 
(p<0.05) was observed. 
  



 56

 

A dependent t test was performed on the peak proportion of steps detected to occur 

within the breath cycle before and after fluid ingestion. A significant reduction in 

(p<0.05) was found (Figure 29). This decrease in the proportion of foot strikes occurring 

at a fixed time period within the breath cycle is indicative of a more varied foot strike 

position relative to the start of a breath cycle post fluid ingestion (a less stable phase 

relationship). The proportion of steps within the breath cycle reduced from 15% to 9.6% 

post fluid ingestion.  

 
 

 
Figure 29: The effect of fluid ingestion on the peak percentage of steps phase locked to the breath 
cycle. Mean and SD shown. A significant reduction (p<0.05) was observed. 
 
Figure 30 illustrates the proportion of steps occurring phase locked to the breath cycle 

for a representative subject. This clearly shows three preferred positions for foot strikes 

to occur relative to the breath cycle. This is interpreted as a 3 strides to 1 breath cycle 

RLE ratio (3 to 1). The effect of fluid ingestion on the position of footfalls within the 

breath cycle is shown in Figure 31. Clearly RLE and phase relationship between 

footfalls and breathing has been altered post fluid ingestion. 
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Figure 30: The proportion of steps occurring within the breath cycle (pre fluid ingestion). A 3 to 1 
RLE ratio displayed. 
 

 

 
Figure 31: The proportion of steps occurring within the breath cycle (post fluid ingestion). No 
appreciable ratio present.  
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Stitch 
 

Five of the 10 subjects reported experiencing a stitch (Table 14), however four of those 

stitch episodes occurred after fluid ingestion. None of the subjects were prone to 

experiencing ETAP or “stitch” when they had run in the past. The right upper quadrant 

was the location reported for all instances of stitch. Subject 1 reported a stitch during 

the cool down walk which followed the 4 min run at a preferred speed post fluid 

ingestion. They stated “it would have been a problem is I was still running.” Subject 2, 6, 

and 9 reported the occurrence of their stitch at approximately 2, 1, and 3 minutes 

respectively into their post fluid ingestion 4 minute run. Table 12 depicts the volume of 

fluid consumed during the fluid ingestion trial for each subject. All incidence of stitch 

were resolved when the protocol was complete. 

 
Table 14: Incidence of a “Stitch” in subjects during the vocalization and fluid ingestion trials. The 
location, when the stitch occurred and RPES are reported.  
Subject Stitch Location When RPES 

1 yes Upper right  Walk post drink 10 

2 yes Upper right  2 minutes into post drink run 9 

3 no    

4 no    

5 no    

6 yes Upper right 1 minute into post drink run 11 

7 no    

8 no    

9 yes Upper right 3 minutes into post drink run 9 

10 
yes Upper right  2 minutes into talk trial 11 

yes Upper right  Started pre drink trial with a stitch 9 

 



 59

 

Summary  
The principle results are summarized in Table 15.  

 
Table 15: Summary of Results. 
Parameters  Speed Trial Vocalization 

Perturbation trial 
Fluid Ingestion 
Perturbation Trial 

1. RPEB Significant ↑ Significant ↑ both 
bouts 

Significant ↑ 

2. RPEE Significant ↑ Not significant Significant ↑ 
3. Heart 

Rate 
Significant ↑ Significant ↑ both 

bouts 
Significant ↑ 

4. SIFTMAG Significant ↑ for the 
first 30 s, Not 
significant for the 
final 30 s 

Significant ↑ both 
bouts 

Significant ↑ 

5. SIFTT Not significant Not significant Significant ↑ 
6. BCD Did not assess Significant ↓ both 

bouts 
Significant ↑ 

7. RLE 
ratios 

Not significant Not significant  Significant ↑ (ratio) 
  Significant ↑ peak 

proportion 
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Discussion 
 
The purpose of this study was to examine the effect of perturbations on respiratory flow 

during running in experienced runners. It is well accepted that RLE occurs; the exact 

mechanism underlying this coupling is still not completely understood. Examination of 

the influence of perturbations on step induced flow transients may shed light on the 

assumed role of step induced visceral motion on RLE. As discussed previously the 

viscera, principally the liver and the stomach, are directly attached to the abdominal 

surface of the diaphragm. When the diaphragm is moving cranially the suspended 

viscera may be moving caudally effecting expiration. As well when the diaphragm is 

moving caudally the viscera may be moving cranially, creating a mechanical barrier for 

the descending diaphragm during inspiration. The VPT theory states we time our foot 

strikes with breathing to minimize the potential antagonistic action. However this action 

may also augment flow, if the viscera were moving caudally and cranially in concert with 

the diaphragm. Studies have yet to be performed to determine if optimal entrainment 

ratios and phase relationships exist. This study provides some of the first evidence to 

support that the visceral piston theory is the basis for why coupling occurs between 

locomotion and breathing, that being to minimize the load on respiratory muscles.  

 

Specifically, the findings of this study support the visceral piston theory of RLE by 

documenting the existence of step induced transient alterations in respiratory flow, and 

further by showing that these are altered with perturbation.  Figure 1 shows the 

development of SIFT as the subject transitions from walk to run, and the acceleration 

magnitudes increase permitting the development of accelerations of the viscera relative 

the diaphragm. This is a key finding that is a necessary observation for the VPT to be 

held. Second, this study showed that both vocalization and fluid ingestion resulted in 

perturbation of the RLE as would be expected with application of the VPT. The results 

of this study strongly support the VPT as a primary mechanism underlying RLE. 

Evolutionarily, the coupling between the respiratory and locomotor systems in the 

nervous system needed for mechanical coupling between the two systems would be 

based upon the principal behavior that bipeds and quadrupeds engage in, locomotion. 



 61

As such, it would be expected that for any repetitive motion, such as cycling or wheeling, 

that RLE would emerge despite the minimal role that it might play.  

 

Finally, the observation that stitches were induced by perturbations to visceral mass and 

disrupting coordination between breathing and foot strikes by vocalization, especially 

given that the runners were not prone to this phenomenon, is strong evidence for the 

role of the VPT as the principle mechanism underlying the “stitch in the side”. 

 

Speed Trial 
 
The speed trial displayed the expected outcome of a statistically significant difference in 

RPEB, RPEE and HR. The increase in RPE and HR was expected based upon basic 

exercise physiological principles. As anticipated, speed had a significant effect on 

average peak tibial acceleration as there was a significant increase in average peak 

tibial acceleration for both the first 30 s and final 30 s of running at the differing speeds. 

This would translate into higher ground reaction force which in turn would be transmitted 

to the moving viscera. The VPT would suggest that a change in SIFTMAG would occur 

with an increase in running speed as foot strike acceleration magnitudes increased due 

to increasing ground reaction forces. As expected SIFTMAG, during the first 30 s of 

running following a change in speed, showed a significant increase across speeds. 

However for the final 30 s of running at each speed the SIFTMAG, did not change 

significantly. This illustrates that when the speed of running was changed the SIFTMAG 

increased significantly, but over the course of continued running at the same speed the 

subjects must have had a strategy to overcome the effect of speed change on SIFTMAG 

and alter something so SIFTMAG was no longer increased significantly. It may have been 

that runners used different running kinematics between speeds (not assessed) to alter 

the SIFTMAG as the running continued for the 2 minutes of running at each speed. A 

change stride length, stride frequency, angle of tibia on initial contact, or an adjustment 

of what part of the foot makes initial contact are examples of potential changes in 

running kinematics the subjects may have made to explain why SIFTMAG was not 

affected at the end of the run. Altered shock absorption through foot biomechanics or 
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leg stiffness may also have played a role in the magnitude of ground reaction force 

reaching the viscera and thus diminishing its potential effect on the diaphragm. A larger 

increase in speed or a larger sample size may be necessary to create a statistically 

significant difference in SIFTMAG across the entire running time.  

 

RLE ratio did not change with an increase in speed. There was not a trend to change 

RLE ratio with speed to higher or lower ratios. The predominant RLE ratio observed, 

during the speed trial was 3 to 1. This RLE ratio is similar to what is seen in other 

studies (Bramble and Carrier, 1983) who have reported RLE ratio as strides per breath. 

However Bramble and Carrier (Bramble and Carrier, 1983) reported a 2 to 1 ratio as 

their predominant ratio, while the 2 to 1 RLE ratio was the second most common ratio 

observed in the current study. The need to couple breathing with locomotion is a 

complex task. The precise timing (phase) of SIFT would need to be established while 

maintaining the necessary relationships for maintaining speed and ventilation. Speed is 

derived from stride frequency and stride rate, whereas ventilation is derived from breath 

frequency and tidal volume. To coordinate the occurrence of steps within a breath or 

breaths within a stride within these demands would have limitations, as there would 

always be more steps per breath resulting in a need to minimize the disruption to 

breathing mechanics as opposed to eliminate it. In future study, it would be useful to 

derive breath cycle phase dependent magnitudes of SIFT where the breath cycle could 

be broken into early, middle and late for inspiration and expiration. 

 

The speed trial did demonstrate the existence of a stable SIFT phenomena. The 

average reduction in flow (SIFTMAG) was 0.71 l/s (710 ml/s) for the first 30 s and 0.67 l/s 

(670 ml/s) during the final 30 s across speeds. This represents a substantive flow 

restriction that is strongly coupled to footfalls. This observation is consistent with a 

visceral piston model, where the liver and other visceral contents are accelerating 

upward with inspiration (reduce inspiratory flow) or downward while expiration is 

progressing (reduce expiratory flow). Further study is needed to examine if the SIFT 

were different magnitudes during E or I phases of respiration. A general observation of 

the raw flow appears to indicate a larger SIFTMAG with expiration versus inspiration. 
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The stomach and liver suspended from the diaphragm is similar in nature to a simple 

vertical spring mass system. If this type of system is in equilibrium there is no 

movement of the suspended mass. When the mass is pulled down and released the 

mass will begin to move or oscillate. The period of oscillation is the time taken for the 

mass to move from its lowest point to the highest point, then returning to its lowest point. 

The frequency of the period of oscillation in a spring mass system is related to the 

spring constant and the magnitude of the mass. If the mass is increased the frequency 

of movement would be slowed, if the mass remains unchanged the frequency of 

movement remains the same. A stable SIFTT was seen across speeds. This was 

expected as the weight of the viscera was unchanged as speed changed. 

Vocalization Trial 
 
The vocalization trial displayed the expected outcome of an increase in RPEB 

(increased significantly) post perturbation. Vocalization of the phrase “AEIOU” occurred 

at the end of inspiration for all subjects lasting for approximately 2 seconds, during 

which time there was no respiratory flow. The lack of an increase is RPEE was 

reassuringly associated with an increase in RPEB, demonstrating that the subjects 

perceived the increase demands placed upon them to breath after vocalization. The 

RPEB pre vocalization for bouts 1 and 2 were not significantly different which indicates 

that the change in RPEB post perturbation was transient as it came down to pre 

perturbation levels prior to the second perturbation bout. Whether this increase in RPEB 

arose from the increase in breath frequency or, decoupling of RLE or an increased 

SIFTMAG is not known. A small increase in HR was observed. The mean increase in HR 

post bout 1 was 1.5 bpm and for bout 2 was 0.8 bpm. This is a very small increase and 

could possibly be associated with the change in intra-thoracic or intra-abdominal 

pressure and venous return to the heart as a result of the vocalization. Also this small 

increase could have been due to increased energy demands due to respiratory 

frequency increases. 

 



 64

BCD duration had a significant decrease in time leading to an increase in breath 

frequency. This should be expected, as during the vocalization there was no flow yet the 

energy requirement for running would be ongoing and unchanged. Vocalization is 

similar to a breath hold so the subject would need to increase respiration (decrease 

BCD) to expire the buildup of CO2 which would occur during the breath hold. 

This trial also illustrated a significant increase in SIFTMAG for both vocalization trials. The 

SIFTMAG pre vocalization for bouts 1 and 2 were not significantly different which 

indicates that the change in SIFTMAG, (similar to the RPEB) post perturbation was 

transient as it returned to pre perturbation levels prior to the second perturbation bout. 

The average peak tibial acceleration did not increase post perturbation so there would 

not be increased ground reaction forces post perturbation. Yet the SIFTMAG still 

increased significantly post vocalization perturbation suggesting the altered or aberrant 

viscera contact with the diaphragm is responsible for the increase in SIFTMAG. 

According to the VPT, RLE should have been disrupted following the vocalization 

perturbations. This was not seen. Surprisingly the RLE ratio was not affected by the 

vocalization perturbation, conceivably because the vocalization perturbation was so 

brief. A longer vocalization perturbation task may be necessary to evoke a change in 

RLE ratio.  

 

The timing of the step induced flow transient (SIFTT) was unaffected by either of the 

vocalization perturbations. During the vocalization trial the mass of the viscera is 

unchanged and therefore the period of oscillation of the viscera should be unaffected, 

as demonstrated by the SIFTT remaining unchanged with the vocalization perturbation. 

Similarly, the timing of the SIFT was not expected to change with speed as the spring-

mass characteristics of the VP was not altered. As expected the SIFTT was unchanged 

for all speeds, and for pre vocalization for bout 1 and 2. However, there was a 

substantial increase in SIFTT post fluid ingestion consistent with a change in spring 

mass (see below). 
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Fluid Ingestion Trial 
 
The average fluid ingestion volume for the subjects was slightly less than 1 liter at 900 

ml. The mass of 1 liter of water is 1 kg; flat decaffeinated diet coke would have a very 

comparable specific density with no sugar added. As a result, the average volume of 

diet coke consumed by the subjects in the study would have a mass of approximately 

0.90 kg, which would be equivalent to adding just less than 2 pounds to the subjects’ 

viscera. Consequently, the effect of fluid ingestion should have the distinct possibility of 

inducing RLE perturbations since the mass change was substantial. Accordingly, RPEB 

increased post fluid ingestion, but so did RPEE, and heart rate. The increase in RPEB 

was expected but the increase in RPEE was not. The increase in RPEB occurred by 

minute 1 post fluid ingestion which was expected as the increased visceral mass would 

have an antagonistic effect on the diaphragm. The increase in RPEE occurred by the 

end of minute 2 of running post fluid ingestion. This increase in RPEE may be a result of 

the increase in RPEB. It could be that the RPEE responses were mimicking the breathing 

effort responses or the increase in RPEE was in fact due to the perceived increase in 

RPEB. In addition there may be an actual increase in energy cost as a result of fluid 

ingestion resulting in an increased RPEE. A less attractive alternative is that RPEB and 

RPEE increased simply as a function of the time spent running at speed. This however 

is not consistent with the other results. The RPEE did not increase to the same extent as 

RPEB. The RPEE increase post fluid ingestion was 6% while the RPEB post fluid 

ingestion increased by 13%. The greater percentage increase in RPEB indicates the 

fluid ingestion had a more significant effect on breathing (RPEB) than it did on general 

effort (RPEE). This is consistent with the VPT. HR was significantly increased post fluid 

ingestion, though it continued to rise significantly from minute 1 to 4 post fluid ingestion. 

This indicates that increased HR observed post fluid ingestion is likely a result of time 

spent running on the treadmill or an increase in exercise, as the mass of the viscera 

was unchanged for the post fluid ingestion running time. 
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The SIFTMAG as well significantly increased post fluid ingestion. The average peak tibial 

acceleration did not increase post fluid ingestion perturbation so there would not be 

increased ground reaction forces post perturbation. Yet the SIFTMAG still increased 

significantly post fluid ingestion perturbation suggesting the altered viscera contact with 

the diaphragm is responsible for the increase in SIFTMAG. This SIFTMAG increase would 

be related to an enhanced visceral mass impacting on the diaphragm during both 

inspiration and expiration  

 

If the period of oscillation of the enhanced viscera mass was decreased as one may 

expect, the SIFTT would be increased. This is in fact what was seen as the SIFTT 

significantly increased post fluid ingestion. Unlike the SIFTT with the speed trial or 

vocalization trial when it remained virtually unchanged, the SIFTT increased post fluid 

ingestion, this in turn lead to a significant increase in  the magnitude of BCD. This 

increased BCD would decrease breath frequency. The 29% increase in SIFTT post fluid 

ingestion supports the VPT as does the lack of change in SIFTT seen in the vocalization 

trial. 

 

RLE significantly changed post fluid ingestion perturbation. There was both a change in 

ratio and a loss of strength of entrainment. This is consistent with an altered visceral 

mass, as the same running speed and ventilation demands would exist but now the 

ability to coordinate the timing between the two rhythms would be more difficult due to 

the new mechanical circumstance. The RLE histogram (Figures 3) that illustrates a 2 to 

1 RLE ratio is not normally distributed. This can be explained because in order for RLE 

to be present there must be communication between the locomotor pattern generator 

and the respiratory pattern generator. As one if influencing the other you would not 

expect to see random events with and coupling and thus no random distribution of foot 

strikes relative to the onset of expiration.  

 

Minute ventilation is a product of respiratory rate and tidal volume. The higher the 

minute ventilation the more CO2 is able to be released. Minute ventilation is closely 

related to alveolar ventilation and dead space ventilation. Alveolar ventilation is that part 
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of ventilation that takes part in gas exchange where dead space ventilation is the 

volume of inhaled air that does not take part in gas exchange because it remains in the 

nose, mouth and trachea. Dead space volume is thought to be 1 ml per pound of body 

weight. The average mass of the subjects in the study was 64.4 kg or 141.7 lbs, so the 

average dead space would approximate 142 ml. The average SIFTMAG, (which is due to 

foot strikes),increase post fluid ingestion was 318 ml/s more than double the average 

dead space. With a 2 to 1 RLE ratio this increase in SIFTMAG would occur once during 

inspiration. The average SIFTMAG volume exceeds the average dead space volume, 

which would suggest that foot strikes would have had an influence on respiratory 

muscles and would then effect alveolar ventilation. SIFTMAG however would not likely 

effect minute ventilation as the subject would likely increase the subsequent breath 

slightly to compensate. As previously mentioned successful running results are thought 

to be determined by many factors including VO2 max, lactate threshold and running 

economy. Both RPEB and RPEE had a significant increase post fluid ingestion. However 

RPEB had greater than double the magnitude of increase compared to RPEE. Post fluid 

ingestion also showed disruption of RLE ratio, so very likely the increase in RPE 

especially RPEB could be due to the altered RLE ratio. Some authors (Maclennan et al., 

1994) believe that entrained breathing while exercise may lead to the perception that 

the exercise is easier, perhaps leading to increased performance. So an altered or 

greater RLE ratio leading to an increased RPEB could lead to a poorer performance or 

said differently improved RLE ratio with smaller RPEB could lead to enhanced 

performance. 

Stitch 
 
The incidence of stitch (50%) in this study is similar to other reported studies (Morton 

and Callister, 2000). One study (Plunkett and Hopkins, 1999) had 100% of the 

participants experience a stitch while running after fluid ingestion. However this study 

used non runners that were prone to suffering from stitch regularly and the current study 

subjects were experienced runners with no history of stitch making a 50% stitch 

incidence that much more compelling. The running speed used by Plunkett and Hopkins 

was greater with speeds ranging from 14-16 km/h (8.7-9.94 mph). 
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The location of stitch in the current study is also consistent with previous studies 

(Morton and Callister, 2000; Plunkett and Hopkins, 1999) as is the time from the fluid 

ingestion to the onset of stitch (Plunkett and Hopkins, 1999) after resuming or stating 

running. The liver is on the right side so this is consistent with the VPT being plausible 

explanation for the stitch in the side while running. Other studies (Morton and Callister, 

2000; Plunkett and Hopkins, 1999) have reported that drinking while running increased 

or provoked the onset of stitch. Occurrence of stitch in the current study was 

experienced by 3 females and 2 males which is consistent with the notion that incidence 

of stitch is not affected by gender (Morton and Callister, 2002). Both perturbations 

(vocalization and fluid ingestion) caused a stitch as one subject experienced a stitch 

following bout 1 of the vocalization trial, and 4 experienced a stitch following fluid 

ingestion. Previous reports (Dimeo et al., 2004; Morton and Callister, 2002) state that 

stitch resolves with cessation of exercise which is consistent with the current study as 

all subjects experiencing a stitch were stitch free by the end of the walking protocol.  

Plunkett and Hopkins (Morton and Callister, 2002; Plunkett and Hopkins, 1999) 

concluded that stitch was alleviated by maneuvers that decreased the tugging of the 

viscera on the diaphragm and the discomfort remained high with lactulose. According to 

the VPT, stitch onset should be rapid with ingestion of any fluid, and should remain high 

as long as the fluid is present. Also maneuvers designed to decrease ligamentous 

tugging should alleviate the stitch. Although a direct test of the visceral piston theory 

was not performed, these results are consistent with what would need to be observed 

for a role of VPT in stitch production. The other main theory for the onset of stitch is the 

ischemic pain theory which believes that stitch is due to ischemic pain from shunting of 

blood away from the diaphragm and other respiratory muscles to the gut and other 

exercising muscles. This is rather ridiculous because one may wonder why the body 

would shunt blood away from one exercising muscle (the diaphragm) to other exercising 

muscles. This possible but improbable preferential perfusion of other working muscles 

while running appears impractical as the diaphragm is the primary muscle of respiration 

and in order to effectively exercise we require effective respiration.  
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Stitch incidence is higher post fluid ingestion (Morton and Callister, 2002; Morton et al., 

2005), and worse in those who had a larger pre-event meal 1-2 hours before a run 

(Morton et al., 2005). The pre-event ingestion of food and fluid ingestion would increase 

visceral mass and thus influence the coordination of breathing and running, and 

therefore the incidence of stitch in the side. This is consistent with the observations in 

this study.  

 

The fact that stitch is more common in runners, swimmers, and horseback riders and 

less common but still present in cyclists (Eichner, 2006; Morton and Callister, 2000; 

Morton and Callister, 2002; Peters et al., 1993; Morton et al., 2005) supports the VPT. 

Stitch or ETAP is a more common (Dimeo et al., 2004; Sullivan and Wong, 1992) and a 

longer lasting (Eichner, 2006) complaint with the running component than during the 

swimming or cycling component during training of triathletes. Walking has a lower 

ground reaction force than while running leading to a less potential antagonistic action 

of the viscera on the diaphragm. This perhaps explains why ETAP was more prevalent 

in runners that walkers (Bechbache and Duffin, 1977; Morton et al., 2005).  

Bramble and Carrier in their influential work on RLE (Bramble and Carrier, 1983) used 

microphones to determine that the reported changes in respiration were present and 

that airflow while running occurred in pulses rather than the smooth biphasic flow seen 

while resting or walking. They did not report the mechanism behind the pulsed flow, 

though we now know that it is related to heel strike. As well they were not able with the 

microphones to determine the magnitude of flow change with differing speeds. The 

current study has shown these flow changes to be substantive. Both the IPT and the 

LPT are not true causal theories but the VPT is a causal theory. 
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Summary  
 
The measurement of changes (SIFTMAG and SIFTT) in step induced flow transients 

during running has not been examined. Demonstration of increased flow suppression 

(SIFTMAG) as a result of perturbations has been demonstrated and is consistent with the 

visceral piston theory of RLE. Altered flow would be related to increased loading of 

respiratory muscle loading and may be responsible for discomfort as a result of 

mechanically induced loads within the muscles, and increased respiratory work leading 

to performance decrements, and possibly a stitch in side. Vocalization during running 

will uncouple respiration and locomotion for a brief period resulting with an increase in 

perceived exertion of breathing (RPEB). Another consequence of uncoupling with the 

vocalization perturbation will be an increase in SIFTMAG. BCD duration decreased 

(increase breath frequency) to compensate for the period of time when no flow was 

taking place during vocalization. As a result of the increase SIFTMAG and SIFTT and 

altered BCD the RLE will be altered for a brief time, as very quickly the decrease in 

BCD (increase breath frequency) will repay the lost O2. The fluid ingestion perturbation 

will result in an increase visceral mass resulting in an increase of RPEB, RPEE, and HR. 

The SIFTMAG will increase as the impending contact with the engorged stomach will 

have a more significant impact force. The SIFTT and BCD will increase in time as the 

heavier viscera will now be moving more slowly in the abdomen and its impact with the 

diaphragm will delayed to some extent.  
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Limitations 
 
There are several possible limitations to this study. The level of running ability could be 

different across the subjects. Some subjects may far exceed the inclusion criteria while 

others may just meet the minimum standard. The change in speeds from 6.5 mph to 8.0 

mph may not have been significant enough to illustrate a change in RLE ratio during the 

entire speed trial. The subjects may have had a different preferred running speed than 

the options available in the study and therefore not able to actually run at “their” 

preferred speed. The subject number may have been too small to show changes in 

some parameters. The analysis was limited to averaging of SIFT over both phases. 

Analyzing the differences in SIFT for inspiration and expiration was not performed. The 

analysis assumed that the left leg foot strike (not measured) occurred at 50% of the 

stride which may or may not be valid. The analysis was biased to right footfall SIFT as 

the averaging technique only used right foot strikes. Also phase dependent analysis 

was not performed. 
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Conclusions 
 
Vocalization during running resulted in an increase in RPEB, and heart rate. The 

vocalization task also increased SIFTMAG, and decreased the BCD. No alteration in 

SIFTT was seen with this trial, which is consistent with the spring mass analysis. It was 

hypothesized that the vocalization task would produce a short term uncoupling of RLE. 

This was not the case. 

 

Fluid ingestion resulted in an increase in RPEB, RPEE and heart rate. The fluid ingestion 

perturbation increased SIFTMAG, SIFTT, and increased the BCD. The fluid ingestion 

uncoupled RLE for a short term.  

 

The SIFTMAG was increased as result of perturbations corresponding to respiratory flow 

suppression which could lead to increased respiratory load. A shift in timing after fluid 

ingestion is consistent with an increased mass of a visceral spring mass system.  

Most of the observations regarding RLE and SIFT in the present study are novel and 

support the VPT. In this theory, it is a necessary condition that there 1) is a step related 

change in respiratory flow during which the viscera impede flow as a result of affecting 

diaphragm motion during inhalation or exhalation, 2) should be specific timing between 

breathes and steps, and 3) should be changes in timing or magnitude of the step related 

changes in respiratory flow when perturbations are applied. All of which have been 

demonstrated in this study. Also four of ten runners experienced a stitch after fluid 

ingestion. These findings strongly support the visceral piston theory of RLE, and this 

becomes a plausible mechanism for the induction of a stitch in the side.  
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Future Research 
 
Future work in this area is still necessary as the complex nature of RLE remains 

somewhat clouded.  

 

•  Determining the effect of preferred stride length, longer than preferred stride 

length and shorter than preferred stride length on RLE ratio and SIFTMAG, SIFTT. 

We know that respiration can influence locomotion, but could a change in 

locomotion (altered stride length) influence or alter respiration. 

• Adding a training protocol, to determine if training would have an effect on the 

parameter studied (RPEB, RPEE, SIFTMAG, SIFTT, BCD and RLE ratio).  

• Altering load using a body weight supported treadmill would be valuable to 

determine its effect on SIFTMAG. With the smaller load there is a smaller ground 

reaction force and this would very likely decrease the SIFTMAG change observed 

with perturbations. 

• Adding some external physical maneuvers as others have done (Plunkett and 

Hopkins, 1999) to determine the effect on RLE, SIFTMAG, SIFTT, BCD would add 

to the merits of the VPT. 

• Placing an additional accelerometer on the sternum or AC joint to determine an 

acceleration attenuation measure and how this may affect SIFT and RLE would 

be very interesting. 

• Future analysis on the existing data could include: 

o Examine the left and right foot strike induced SIFTs – to determine if there 

is a preference to coupling. 

o Examine breath cycle phase dependent SIFTT. 

o Examine strength of entrainment for the  running speeds (breath 

occurrence in step cycle)  
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Appendix 1- The Borg RPE Scale, the 15-grade scale for ratings of 
perceived exertion (RPE).  

6 No exertion at all 

7 

    Extremely light (7.5) 

8 

9 Very light 

10 

11 Light 

12 

13 Somewhat hard 

14 

15 Hard (heavy) 

16 

17 Very hard 

18 

19 Extremely hard 

20 Maximal exertion 
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Appendix 2- Research Participant Information and Consent Form  
 

Title of Study: Perturbations of respiratory locomotor entrainment in experienced 

runners:   

The influence of fluid ingestion and vocalization. 

 

Principle Investigator: R. Michael McMurray, R140-771 McDermot Ave. University of 

Manitoba, School of Medical Rehabilitation, Physical Therapy Department. 789-3413 

Co-Investigator: Dr. Dean Kriellaars, RR303 Health Sciences Centre Rehabilitation 

Hospital, 810 Sherbrook Street, 787-3505 

 

You are being asked to participate in a research study.  Please take your time to review 

this consent form and discuss any questions you may have with the study staff. You 

may take your time to make your decision about participating in this study and you may 

discuss it with your friends, family or (if applicable) your doctor before you make your 

decision. This consent form may contain words that you do not understand. Please ask 

the study staff to explain any words or information that you do not clearly understand. 

 

Purpose of the Study:   

1. to observe speed dependent changes in Respiratory Locomotor Entrainment 

(RLE) 

2. to observe the effect of speech on RLE 

3. to observe the effect of fluid ingestion (flat decaffeinated diet coke) on RLE  

4. to detect effect of ingestion of fluid in stitch prone subjects 

 

Study Procedures: If you choose to participate in the study you will be required to 

perform the following running tasks on a treadmill. You will run on a treadmill for 8 

minutes (6.5, 7.0, 7.5, 8.0 mph 2 minutes each) followed by a 1 minute rest. Next you 

will run at 6.5 mph for 1 minute then run for 3 minutes at a preferred speed chosen from 

6.5, 7.0, 7.5, 8.0 mph. At the beginning of the 2nd and 3rd minute you will be asked to 

say “AEOIU”, followed by a 2minute rest. Next you will run at your preferred speed for 1 
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minute, at which time you will be asked drink a specific volume of flat decaffeinated 

coke, immediately following which you will run at your preferred speed for another 2 

minutes. Following this you will walk on the treadmill for 2 minutes to cool down. Prior to 

the running your body height and weight will be collected and recorded. If at any time 

you wish to terminate the running you are free to do so. If at any time you are 

experiencing a “stitch in the side” you will report this to the investigator. At each speed 

and after each perturbation the subject will be asked to subjectively rate their effort 

perceived exertion and their respiratory perceived exertion.  

At each speed and after the vocalization task and fluid ingestion you will be asked to 

subjectively rate your effort perceived exertion and their respiratory perceived exertion. 

Please wear appropriate running clothing and shoes. The shoe should be designed for 

running and in good condition. Please avoid running in brand new shoe and shoe not 

too old. 

 

Questions  

  

Do not sign this consent form unless you have had a chance to ask questions and have 

received satisfactory answers to all of your questions. 

  

Statement of Consent 

 I have read this consent form. I have had the opportunity to discuss this research study 

with the study staff. I have had my questions answered by them in language I 

understand. The risks and benefits have been explained to me. I believe that I have not 

been unduly influenced by any study team member to participate in the research study 

by any statements or implied statements. Any relationship (such as employer, 

supervisor or family member) I may have with the study team has not affected my 

decision to participate. I understand that I will be given a copy of this consent form after 

signing it. I understand that my participation in this study is voluntary and that I may 

choose to withdraw at any time. I freely agree to participate in this research study.   
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 I understand that information regarding my personal identity will be kept confidential, but 

that confidentiality is not guaranteed. I authorize the inspection of any of my records that 

relate to this study by The University of Manitoba Research Ethics Board for quality 

assurance purposes. 

  

 By signing this consent form, I have not waived any of the legal rights that I have as a 

participant in a research study. 

   

 

 Participant printed name: _________________________  

 

 Today’s Date: __________________________________ 

                                            (Day/month/year) 

 

 Birth date: _____________________________________ 

                                            (Day/month/year) 

 

Participant signature: ____________________________ 

 Page 77 of 3 

8/25/2009 

Participants Initials_______ 

 

 

  

    

 

 

  

To be completed by investigator: 
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 I, the undersigned, have fully explained the relevant details of this research study to the 

participant named above and believe that the participant has understood and has 

knowingly given their consent 

  

 Printed Name: _________________________Date:_________________ 

 (Day/month/year) 

 

 Signature: _________________________________________________   

 

 Role in the study: ___________________________________________ 

  

Relationship (if any) to study team members: ______________________ 
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Appendix 3- Research Participant Running/Medical Questionnaire  
 

Title of Study: Perturbations of respiratory locomotor entrainment in experienced 

runners:   

The influence of fluid ingestion and vocalization. 

 

Principle Investigator: R. Michael McMurray, R140-771 McDermot Ave. University of 

Manitoba, School of Medical Rehabilitation, Physical Therapy Department. 789-3413 

Co-Investigator: Dr. Dean Kriellaars, RR303 Health Sciences Centre Rehabilitation 

Hospital, 810 Sherbrook Street, 787-3505 

 

5. How long have you been running? Circle the most appropriate response.  

Less than 1 Year                    More than 1 year 

 

6. Over the last 2 month what has been your typical running mileage per week? 

Circle the most appropriate response.  

Less than 10miles/week         More than 10miles/week 

 

7. I’m able to run at a speed of 7.5 mph (8 min/mile pace) for 1 mile. Circle the most 

appropriate response. 

Yes                 No   

 

8. I have run on a treadmill in the last 4 months. Circle the most appropriate 

response.  

Yes                No 

 

9. I do not have any medical condition that would prevent me from running. Circle 

the most appropriate response.  

Yes                 No 

 

10. What leg do you prefer to kick a soccer ball with?  ______________ 
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 Participant printed name: _________________________  

 

 Today’s Date: ___________________________ (Day/month/year) 

 

Birth date: ______________________________ (Day/month/year) 

 

    

Participant signature: _____________________________ 
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