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Abstract

Interval sprint exercise performed on a manually propelled treadmill, where

the hands grip the handle bars, engages lower and upper limb skeletal muscle,

but little is known regarding the effects of this exercise modality on the upper

limb vasculature. We tested the hypotheses that an acute bout of sprint exer-

cise and 6 weeks of training induces brachial artery (BA) and forearm vascular

remodeling, favoring a more compliant system. Before and following a single

bout of exercise as well as 6 weeks of training three types of vascular proper-

ties/methodologies were examined in healthy men: (1) stiffness of the entire

upper limb vascular system (pulse wave velocity (PWV); (2) local stiffness of

the BA; and (3) properties of the entire forearm vascular bed (determined by

a modified lumped parameter Windkessel model). Following sprint exercise,

PWV declined (P < 0.01), indices of BA stiffness did not change (P ≥ 0.10),

and forearm vascular bed compliance increased and inertance and viscoelastic-

ity decreased (P ≤ 0.03). Following manually propelled treadmill training,

PWV remained unchanged (P = 0.31), indices of BA stiffness increased

(P ≤ 0.05) and forearm vascular bed viscoelasticity declined (P = 0.02), but

resistance, compliance, and inertance remained unchanged (P ≥ 0.10) com-

pared with pretraining values. Sprint exercise induced a more compliant fore-

arm vascular bed, without altering indices of BA stiffness. These effects were

transient, as following training the forearm vascular bed was not more com-

pliant and indices of BA stiffness increased. On the basis of these data, we

conclude that adaptations to acute and chronic sprint exercise on a manually

propelled treadmill are not uniform along the arterial tree in upper limb.

Introduction

Increases in skeletal muscle blood flow at the onset of

exercise are coupled to mechanical work (Saltin et al.

1998), occur rapidly (Shoemaker et al. 1997, 1999a,b;

VanBeekvelt et al. 2001), and are achieved and main-

tained by a combination of mechanical and metabolic

stimuli (Clifford and Hellsten 2004; Clifford 2007).

Chronically repeated bouts of exercise (i.e., exercise train-

ing) result in structural vascular (i.e., angiogenesis,

remodeling of arteries, and arteriogenesis), and functional

(i.e., altered control of vascular resistance) adaptations

(Laughlin and Roseguini 2008; Laughlin et al. 2012). Dur-

ing interval sprint exercise (characterized by 4 9 30 sec

“all-out” efforts separated by a ~4 min recovery) partici-

pants exert maximal effort, and obtain near maximal VO2

(~90%) and heart rate (~90%) values as well as significant

deoxygenation in the vastus lateralis (Buchheit et al. 2012;

Hazell et al. 2014). Indeed, chronic interval sprint train-

ing, is a potent stimulus that increases microvascular

eNOS content in the vastus lateralis (Cocks et al. 2013)

and improves conduit artery vascular endothelial function
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in both the lower and upper limb, indicated by aug-

mented flow-mediated dilation in the popliteal and bra-

chial arteries (BA) (Rakobowchuk et al. 2008; Harris

et al. 2014). Furthermore, bouts of interval sprint exercise

and training alter lower limb vascular structure, indicated

by an acute reduction in lower limb pulse wave velocity

(PWV)(Rakobowchuk et al. 2009) following bouts of

exercise and an increase in popliteal distensibility and

capillary density in vastus lateralis following chronic train-

ing (Rakobowchuk et al. 2008; Cocks et al. 2013).

Whether acute bouts of interval sprint exercise or exercise

training conducted on a manually propelled treadmill or

cycle ergometer induce vascular remodeling in the BA

and forearm vasculature remains to be elucidated.

In contrast to interval sprint exercise performed on a

track or a motorized treadmill, interval sprint exercise per-

formed on a cycle ergometer or a manually propelled tread-

mill engages the forearm skeletal muscle because the hands

grip the handle bars isometrically at intensities up to 100%

of maximum voluntary contraction (T.D. Olver, A.R.

Smith unpublished observation – pilot testing on 3 subjects

in our lab revealed that maximum voluntary hand grip

strength was ~9% greater during a bout of sprint exercise

versus in a seated position, not performing whole-body

exercise). Importantly, isometric handgrip training alone

can improve forearm reactive hyperemia, indicative of

microvascular remodeling (Takeshita and Mark 1980),

without altering endothelial function (Green et al. 1994).

Little is known regarding the impact of acute and chronic

interval sprint exercise on BA and forearm vascular remod-

eling. Furthermore, the impact of interval sprint training

conducted on a manually propelled treadmill or cycle

ergometer on the properties of conduit versus arteriolar

levels of the vascular bed in the upper limb have not been

studied. Given that age, hypertension, and smoking status

impact the upper limb vasculature along the arterial tree

(i.e., at the conduit and arteriolar level) (Bulpitt et al. 1999;

van der Heijden-Spek et al. 2000; Zamir et al. 2009; Niel-

son et al. 2014), determining if acute or chronic sprint

exercise induces vascular remodeling in the upper limb

could provide insight into the potential therapeutic efficacy

of this type of training. Therefore, the purpose of this study

was to determine whether vascular adaptation occurs, and

to characterize changes in various segments of the vascular

bed in the upper limb in response to an acute bout of sprint

exercise and after 6 weeks of training performed on a man-

ually propelled treadmill. Consistent with observations in

the conduit arteries and microcirculation of the lower

limb/prime movers (Rakobowchuk et al. 2008, 2009; Cocks

et al. 2013) this study tested two hypotheses: Hypothesis 1,

that a single bout of interval sprint exercise induces vascu-

lar mechanical adaptations, favoring a more compliant

upper limb vascular system, at the level of the conduit

artery and entire forearm vascular bed and Hypothesis 2,

that 6 weeks of exercise training conducted on a manually

propelled treadmill would also induce vascular mechanical

adaptations, favoring a more compliant upper limb vascu-

lar system, at the level of the conduit artery and entire fore-

arm vascular bed.

In this study, we employ three methods to study vascular

mechanical indices in three vascular segments: (1) the

entire upper limb using PWV (the speed that the arterial

pulse propagates from the aortic arch to the finger, indica-

tive of stiffness along the upper limb vasculature) (Nichols

2005); (2) the local conduit artery using measures of vascu-

lar stiffness (direct measure of diastolic and systolic arterial

diameter and pressure at the same site) (O’Rourke et al.

2002); and (3) the entire forearm vascular bed, using a

three-element lumped Windkessel model (mechanical

properties of the oscillatory flow and pressure waveform at

the point of entry of the vascular bed) (Zamir et al. 2009).

Although these measures interact (i.e., PWV is determined,

in part, by BA and forearm vascular mechanics); changes

can occur independently in each segment as evaluated by

the model. Thus, we treat these parameters as independent

measures of adaptations of vascular structure/function

occurring throughout the entire upper limb, in the conduit

artery/BA alone and in the forearm vascular bed (including

microvasculature), respectively (Nielson et al. 2014). In

this regard, because the vascular properties assessed using

each model overlap to some extent, but also operate inde-

pendently we are able to form inferences on the nature and

specific location of exercise-induced upper limb vascular

adaptations. Harris and colleagues (Harris et al. 2014)

reported that upper limb PWV does not change following

interval sprint training performed on a cycle ergometer.

Thus, consistent with observations in conduit arteries and

the microcirculation of the lower limb (Rakobowchuk

et al. 2008, 2009; Cocks et al. 2013), we believe that

chronic structural vascular adaptations to interval sprint

training performed on a manually propelled treadmill will

be most evident in the BA and the forearm vascular bed

versus in a whole upper limb grouped model (i.e., PWV).

Methods

Subjects

Sixteen recreationally active (nonsystematically trained

and not involved in a regimented exercise training pro-

gram) male subjects participated in this study. All experi-

mental procedures and potential risks were explained

fully to the subjects prior to any testing and subjects pro-

vided written, informed consent. Health status was

assessed using the Physical Activity Readiness Question-

naire (Thomas et al. 1992). This study was approved by
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the University of Western Ontario Ethics Committee for

Research on Human Subjects.

Study design

Subjects abstained from alcohol (24 h), caffeine (24 h) and

exercise (48 h) prior to data collection. They arrived to the

laboratory at least 4 h after their last meal and body com-

position was measured (air-displacement plethysmogra-

phy). Thereafter, the subjects laid supine on a tilt table for

15 min prior to baseline hemodynamic measures. Then,

BA and forearm vascular mechanics were examined before

(pre-) and 20 min after one acute bout of sprint exercise

(n = 8) or after 6 weeks of training (n = 8). Subjects were

familiarized with all testing and exercise procedures prior

to baseline measures. In the sprint exercise protocol, mea-

surements were made immediately before and ~20 min fol-

lowing the acute bout of exercise. In the training protocol,

measures were made a day before the first training session

and ~48 h following the last training session at the same

time of day and under the same conditions in order to

avoid confounding effects.

Interval sprint exercise

Exercise consisted of 4 9 30 sec maximal running efforts,

separated by a 4 min of recovery. Each sprint was per-

formed on a manually driven treadmill (i.e., the subject

was the power source for the running belt; Desmo Pro;

Woodway�; Waukesha, WI) and subjects were required

to grip the handle bars to propel the tread with maximal

effort. Hemodynamic measures were collected pre and

post exercise (~20 min) in 8 subjects.

Interval sprint training

Exercise training consisted of interval sprint exercise (de-

scribed above) performed 3 times per week for 6 weeks.

The number of sprints increased from 4 to 7 bouts per

session, and the duration of each sprint increased from

30 to 45 sec over the 6-week training program. Hemody-

namic measures were collected in the resting condition

pre and post training in eight subjects. All training ses-

sions were supervised by a personal trainer ensuring that

each session was completed properly.

Anthropometrics

Body composition (lean mass and fat mass) was deter-

mined by whole-body densitometry using air-displace-

ment plethysmography (BodPod�; Life Measurements,

Concord, CA). Testing was performed according to the

manufacturer’s instructions. Thoracic gas volume was

estimated for all subjects, using the predictive equation in-

tegral to the BodPod� software. Estimated body density

was integrated into the Siri equation (Siri 1961).

Vascular data collection

Right BA blood pressure was measured by auscultation.

Thereafter, beat by beat blood pressure was monitored

from the right middle finger by photoplethysmographic

methods, and BA pressure was determined via waveform

reconstruction (Finometer Model 1, Finapress Medical

Systems, Arnheim, Amsterdam, Netherlands). Simultane-

ously, right BA diameter and blood flow velocity were

assessed using ultrasound in a duplex imaging mode

(4 MHz Doppler ultrasound; 10 MHz ultrasound imag-

ing; GE Vivid 7; Mississauga, ON, Canada). Stroke vol-

ume blood flow velocity was obtained from the ascending

aorta (via the suprasternal notch) using pulse wave Dop-

pler (2 MHz pulsed Doppler; GE Vingmed CFM750; Mis-

sissauga, ON, Canada).

Data analyses

Six 2-D manual caliper measures were taken from a single

B-mode image (10–12 MHz transducer, 27 frames per

second, GE Vivid 7) and analyzed offline (EchoPAC

Dimension software; GE Healthcare, Baie d’Urfe, Canada

– 0.01 mm minimum detectable change), by an experi-

menter blinded to experimental condition to determine

BA lumen diameter during systole and diastole, as well as

wall thickness. Analog signals of the instantaneous blood

pressure and mean spectral blood flow velocities were col-

lected at 1000 Hz.

Pulse wave velocity

Pulse wave velocity was calculated as the distance between

the suprasternal notch and the middle finger tip divided by

the time delay between the foot of the aortic blood velocity

waveform and the finger blood pressure waveform. The

foot of the pressure wave was identified as the precise point

of initiation of the pressure waveform upstroke.

Brachial artery stiffness indices

Brachial artery vascular properties were analyzed using

the indices of arterial stiffness, as described by O’Rourke

and Staessen ((O’Rourke et al. 2002); Table 1).

Forearm vascular bed mechanics

Mean values of BA blood pressure and flow were aver-

aged over 10 sec to obtain time-averaged values.
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Subsequently, continuous waveforms for concurrent time-

aligned BA blood pressure and blood flow were extracted

(Lab Chart 7, Powerlab, ADInstruments, Sydney, NSW,

Australia) and analyzed using a three-element lumped

Windkessel model (Table 1) as described earlier from our

laboratory (Zamir et al. 2009). Briefly, the dynamics of

pulsatile flow through a vascular network are influenced

by three mechanical properties; C (compliance), K (vis-

coelasticity), and L (internance). The C, L, and K values

are calculated from the oscillatory pressure and flow

waveforms at the entry point of the vascular bed (Zamir

et al. 2009).

Statistical analyses

Statistical analyses were performed using Sigma Stat for

Windows (version 8.0). Paired two-tail t-tests were used

to compare hemodynamic as well as, vascular mechanic

variables pre and postsprint exercise and training. All data

are present as mean � standard deviation. The signifi-

cance level was set at P ≤ 0.05.

Results

Physical characteristics

Age, height, mass, lean mass, and fat mass of all partici-

pants are presented in Table 2.

Impact of acute sprint exercise bout

Hemodynamics

Twenty minutes following acute exercise, systolic pressure

(pre = 116 � 12 vs. post = 107 � 13 mmHg; P = 0.10)

diastolic pressure (pre = 64 � 7 vs. post = 63 � 10

mmHg; P = 0.83), and mean arterial pressure

(pre = 81 � 8 vs. post = 78 � 10 mmHg; P = 0.36) were

the same as pre-exercise. There was a reduction in

pulse pressure following exercise (pre = 52 � 9 vs.

post = 44 � 9 mmHg; P < 0.01). Brachial artery blood

flow was increased (pre = 56 � 33 vs. post = 141 � 107

mL/min; P = 0.02) and forearm vascular R

(pre = 1.8 � 0.8 vs. post = 0.8 � 0.5 mmHg/mL/min;

P < 0.01) was decreased 20 min following exercise.

Local brachial artery stiffness indices

Brachial artery systolic (pre = 4.28 � 0.39 vs.

post = 4.76 � 051 mm; P < 0.01) and diastolic

(pre = 4.13 � 0.42 vs. post = 4.60 � 0.51 mm; P < 0.01)

diameters were greater following the acute exercise bout.

However, the pulsatile change in BA diameter was not

altered by exercise (pre = 0.14 � 0.06 vs. post = 0.16 �
0.07 mm; P = 0.52). Twenty minutes following acute

exercise there were no changes in strain, stiffness index,

Peterson’s elastic modulus, distensibility, or compliance

(P ≥ 0.10; Fig. 1A–E).

Pulse wave velocity

Compared to the baseline period PWV decreased follow-

ing the acute exercise bout (P < 0.01; Fig. 1F).

Forearm vascular mechanics

Compared to baseline, C increased (P = 0.03; Fig. 2A);

whereas, L did not change (P = 0.15; Fig. 2B) and K

declined (P = 0.02; Fig. 2C) following the acute exercise

bout.

Table 1. Vascular mechanic measurements.

Variable Definition

Indices of Brachial Artery Stiffness

Arterial strain(sD � dD)/dD); expressed as Δ% in D Amount of deformation relative to the unstressed state

Arterial stiffnessln(Ps/Pd)/(DD/Dd); nondimensional Ratio of logarithm (systolic/diastolic pressures) to (relative change in diameter)

Peterson’s elastic modulus(DP 9 Dd)/DD; expressed as mmHg Pressure step required for (theoretical) 100% stretch from resting diameter

at fixed vessel length

Arterial distensibilityDD/(DP 9 Dd); expressed as mmHg�1 Relative diameter change for a pressure increment; inverse of elastic modulus

Arterial complianceDD/DP; expressed as cm/mmHg Absolute diameter change for a given pressure step at fixed vessel length

CLK Model for Forearm Vascular Bed

Compliance, Cexpressed as mL/mmHg Elastic deformation of the vascular bed

Inertance, Lexpressed as mmHg/mL/min2 Inertia of the blood and vascular bed

Viscoelasticity, Kexpressed as mmHg/mL/min Opposition to stretch of the vascular bed

Indices of brachial artery stiffness are adapted from O’Rourke and Staessen (O’Rourke et al. 2002).

P, pressure; D, Diameter; s, systolic; d, diastolic.
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Table 2. Physical characteristics.

Age (y) Height (cm) Mass (kg) Lean mass (kg) Fat mass (kg)

Acute exercise 27 � 3 181 � 6 82.4 � 8.7 68.5 � 10.1 13.9 � 4.9

Pretraining 23 � 6 178 � 2 82.5 � 9.2 68.9 � 5.3 13.7 � 8.0

Post-training NA NA 82.1 � 8.5 67.9 � 5.3 14.3 � 5.8

Figure 1. Brachial artery (BA) strain (Δ%), stiffness index, Peterson’s elastic modulus (mmHg), distensibility (mmHg�1), compliance (cm/mmHg),

and pulse wave velocity (cm/sec) pre- (■; dark bars) and post- (□; white bars) interval sprint exercise. *Significantly different than pre-exercise

(P < 0.01).
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Impact of six weeks of training

Following chronic training there were no changes in

supine baseline systolic (pre = 123 � 12 vs. post = 122 �
10 mmHg; P = 0.76), diastolic pressure (pre = 66 � 10

vs. post = 67 � 10 mmHg; P = 0.65) mean (pre = 82.1.5

� 10.2 vs. post = 80.5 � 11.9 mmHg; P = 0.67) arterial

pressure or in pulse pressure (pre = 57 � 5 vs.

post = 54 � 5 mmHg; P = 0.08). Baseline BA blood

flow (pre = 42.1 � 20.7 vs. post = 43.8 � 14.02 mL/min;

P = 0.82) and forearm vascular R (pre = 2.4 � 1.2 vs.

post = 2.0 � 0.7 mmHg/mL/min) did not change with

training.

Brachial artery stiffness

Following chronic training there were no changes in BA

systolic (pre = 4.37 � 0.51 vs. post = 4.43 � 044 mm;

P = 0.37) and diastolic (pre = 4.24 � 0.49 vs.

post = 4.34 � 0.42 mm; P = 0.18) diameters. However,

the pulsatile change in BA diameter declined (pre =
0.13 � 0.05 vs. post = 0.10 � 0.05 mm; P = 0.03). Com-

pared to pretraining, BA strain, compliance and distensibil-

ity declined (P ≤ 0.05; Fig. 3A–E), whereas Peterson’s

elastic modulus and the stiffness index increased (P = 0.04;

Fig. 3A–E) following training. There were no changes in

BA wall thickness following training (pre = 0.34 � 0.07 vs.

post = 0.35 � 0.12 cm; P = 0.53).

Pulse wave velocity

Pulse wave velocity did not change with training

(P = 0.31; Fig. 3F).

Forearm vascular bed mechanics

The training did not affect baseline C and L (P ≥ 0.10;

Fig. 4A and B), but reduced values of forearm vascular K

(P = 0.02; Fig. 4C).

Discussion

The major findings of this study were that both acute and

chronic interval sprint exercise conducted on a manually

propelled treadmill induced changes in vascular mechani-

cal function in the upper limb. Following acute sprint

exercise, BA compliance was unchanged; however, PWV

declined and there was a shift in forearm vascular bed

mechanics, which includes the microvasculature, toward a

more compliant system. However, these effects were not

carried over with chronic exercise training on a manually

propelled treadmill. Specifically, following 6 weeks of

training, data suggest that although PWV remained the

same, there was a shift toward a stiffer BA. In addition,

while forearm vascular resistance (R) and compliance (C)

remained unchanged, the viscous opposition to stretch

(K) was reduced. Increased BA stiffness and reduced vis-

cous opposition to stretch in the forearm vascular bed

suggest that vascular adaptations to interval sprint exer-

cises training on a manually propelled treadmill develop

differently along the various segments of the upper limb

vascular tree (Table 3).

Figure 2. Forearm vascular bed (FVB) compliance (C; compliance;

mL/mmHg), inertance (L; mmHg/mL/min2), and viscoelasticity (K;

mmHg/mL/min) pre- (■; dark bars) and post- (□; white bars)

interval sprint exercise. *Significantly different than pre-exercise

(P ≤ 0.03).
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Brachial artery stiffness

Although acute sprint exercise decreased PWV, indicative

of decreased upper limb vascular stiffness, indices of BA

stiffness remained unchanged. Thus, in contrast to our

hypothesis, acute sprint exercise on a manually propelled

treadmill did not alter indices of BA stiffness favoring a

more compliant conduit artery. Furthermore, interval

sprint exercise training on a manually propelled treadmill

increased indices of BA stiffness. The divergent response

between acute and chronic exercise on BA vascular

mechanics indicates that acute exercise-induced changes

such as neural input, shear-stress or blood-borne factors

released with exercise do not influence BA stiffness

acutely. Furthermore, that BA stiffness appears to be

unmodified by acute stimuli suggests the changes follow-

ing training were the cumulative effect of repeated exer-

cise bouts and likely involved remodeling at the level of

Figure 3. Brachial artery (BA) strain (Δ%), stiffness index, Peterson’s elastic modulus (mmHg), distensibility (mmHg�1), compliance (cm/mmHg),

and pulse waved velocity (cm/sec), pre- (■; dark bars) and post- (□; white bars) interval sprint training.*Significantly different than pre-training

(P ≤ 0.05).
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the BA tissue. The reduction in BA strain, distensibility

and compliance following this mode of training is indica-

tive of a reduced arterial deformation (represented by a

significant decrease in ΔD) for a given change in blood

pressure (O’Rourke et al. 2002). This observation was

surprising and perhaps the result of the mode of forearm

exercise (isometric, static handgrip), the acute rise in BA

blood pressure that occurs immediately following sprint

exercise (~2 min) (Rakobowchuk et al. 2009), or perhaps

the result of extravascular changes influencing BA vascu-

lar mechanics (i.e., altered interstitial fluid content).

Increased vascular stiffening may increase left ventricular

end-systolic stress (Arnold et al. 1991); however, this is

unlikely an issue in young healthy participants. Further-

more, it is improbable this training has such an effect sys-

temically as the adaptation appears to be localized to the

BA. Indeed, carotid artery distensibility does not change

and popliteal artery distensibility increases following

interval sprint exercise training on a cycle ergometer

(Rakobowchuk et al. 2008). Moreover, there was evidence

of decreased vascular stiffening in the forearm vascular

bed, and consistent with previous results (Cocks et al.

2013; Harris et al. 2014) BA PWV remained unchanged

following training. BA C tends to increase up to the sixth

decade of life (van der Heijden-Spek et al. 2000), is

increased in hypertension (Izzo et al. 2001) and radial C

is increased in obesity (Mangoni et al. 1995). Assuming

increased BA stiffness does not induce cardiac stress, the

training-induced reduction in BA C in this study may be

protective against age-, hypertension-, and obesity-related

changes in upper limb conduit, muscular artery remodel-

ing. Combining our results with those in the literature,

interval sprint exercise and training, where the hands grip

handle bars and the lower limbs are the prime movers,

both appear to improve conduit artery endothelial func-

tion in the upper and lower limb (Rakobowchuk et al.

2008; Harris et al. 2014), but this mode of training only

increases conduit artery distensibility in the lower limb

(Rakobowchuk et al. 2008) and appears to reduce C in

the upper limb.

Figure 4. Forearm vascular bed (FVB) compliance (C; compliance;

mL/mmHg), inertance (L; mmHg/mL/min2) and viscoelasticity (K;

mmHg/mL/min) pre- (■; dark bars) and post- (□; white bars)

interval sprint training. *Significantly different than pretraining

(P = 0.02).

Table 3. Exercise-induced upper limb vascular mechanical adapta-

tions.

Measure/Location

Acute sprint

exercise

Interval sprint

training

PWV/entire upper

limb

↓ stiffness ~

BA mechanics/

conduit artery

~ ↑ all indices of

stiffness

R/Forearm

vascular bed

↓ R = ↑ vascular

volume

~

C/Forearm

vascular bed

↑ C = ↑ elastic

ability

~

L/Forearm vascular

bed

~ ~

K/Forearm

vascular bed

↓ K = ↓ opposition

to stretch

↓ K = ↓ opposition

to stretch

PWV, pulse wave velocity; BA, brachial artery; R, resistance; C, com-

pliance; K, viscoelasticity; L, inertance; ↑, increased; ↓, decreased;
~ and =, unchanged.
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Forearm vascular mechanics

Twenty minutes after one bout of sprint exercise BA blood

flow and forearm vascular C were still greater than at rest

and R, K, were reduced. Increased C and decreased K indi-

cate that the elastic ability of the vascular bed increased,

and that increase was enabled by a reduced viscous oppo-

sition to elastic stretch. These results also suggest that the

arterial system was more compliant and the ease at which

the system stretched was increased (i.e., increased elastic

efficiency). As reductions in R, in this case, indicate an

increase in arteriole diameter (not increased vascular vol-

ume owing to vascular restructuring), these findings add

to our existing understanding of post-exercise hyperemia.

That is, according to the pressure–volume relationship, as

fluid volume and arterial diameter increase, the elastic

ability of a vessel tends to decrease (Spencer and Denison

1963; Klabunde 2011). However, in this study, arterial

diameter and vascular C increased concomitantly follow-

ing exercise. Potentially, simultaneous increases in vessel

diameter and C are mediated through reductions in K, the

proportion of viscous opposition to elastic stretch. Inter-

estingly, it has been demonstrated that during sympatho-

excitation, changes in vascular C can operate indepen-

dently from R (Zamir et al. 2007) and may be adjusted for

by changes in K (Zamir et al. 2009). Acute shifts in vascu-

lar compliance or the viscous opposition to elastic stretch

have not been characterized at the cellular level in these

arteries, but may be the result of increased fluid shear-

stress following exercise, and involve changes in ion flux,

membrane potential, phosphorylation status and subse-

quent cross bridge cycling in vascular smooth muscle cells.

Alternatively, at the tissue level, vascular smooth muscle

cells may rearrange as the vessel dilates; thereby altering

the mechanical properties of the vessel (Martinez-Lemus

et al. 2009).

Baseline R and C were unchanged following 6 weeks of

exercise training, indicating the forearm arteriole diame-

ter/vascular cross-sectional area (associated with R)

(Zamir et al. 2007), arterial elastic ability (associated with

C) (Zamir et al. 2007) and the basal metabolic/neurogenic

inputs to R and C likely do not change following interval

sprint exercise training on a manually propelled treadmill

in healthy young men. Given that R and C were highly

responsive to a single bout of exercise, but remained

unchanged following training suggests daily exercise or

physical activity may be required to sustain these vascular

responses. Previously, it was established that normative

values for R and C may not exist and that other variables,

such as dynamic vascular responsiveness (i.e., the ability

to maintain vascular homeostasis to changing flow and

pressures under oscillatory conditions), may be the regu-

lated variable in the forearm vascular bed (Zamir et al.

2009). Zamir and colleagues (Zamir et al. 2009) specu-

lated that viscoelasticity (K) may serve as a parameter of

control, in that values for K are matched to values of R,

C, and L to protect dynamic responsiveness in the vascu-

lar network.

In this study, following 6 weeks of exercise training the

viscous opposition to elastic stretch (K) decreased, though

vascular C itself did not change. This was among the few

adaptations that was similar following acute and chronic

exercise and suggests K is both highly responsive and per-

haps more revealing of changes in vasomotor control of

pulsatile flow than R or C alone (Zamir et al. 2009). At

the tissue level, it has been speculated that a chronic

reduction in K indicates a shift in the collagen:elastin

ratio, changes in smooth muscle or elastin architecture,

or changes in the polysaccharide and connective tissue

matrix surrounding vascular smooth muscle cells (Zamir

et al. 2009). Mechanical signals, perhaps those experi-

enced during interval sprint exercise, can mediate changes

in cytoskeletal protein expression that alter the tensile

state of vascular smooth muscle cells and impact force

transmission; thereby, altering vascular wall mechanics

(Martinez-Lemus et al. 2009). Experimental evidence sug-

gests K is elevated in smokers versus nonsmokers (Niel-

son et al. 2014) and in old versus young participants

(Zamir et al. 2009). Furthermore, a lifestyle intervention

involving nicotine replacement therapy and moderate

intensity exercise intervention did not reduce K in smok-

ers (Nielson et al. 2014). In this respect, interval sprint

exercise training on a manually propelled treadmill may

help prevent age- and pathological-related changes (i.e.,

increased K resulting in decreased elastic efficiency) in the

forearm vascular bed, but future research is required to

address this possibility.

Significance

In this study, training-induced vascular adaptations were

heterogeneous along the vascular tree of the upper limb

and did not favor a systemic increase in upper limb vas-

cular compliance. Following training the BA displayed

reduced deformation for a given change in blood pres-

sure, indicating a reduction in segmental conduit vessel

compliance. Conversely, reductions in K indicate the abil-

ity to impede stretch across the forearm vascular bed was

decreased. In spite of adaptations occurring in the BA

and forearm vascular bed, total upper limb vascular stiff-

ness remained unchanged. Thus, the nature of the vascu-

lar adaptations induced by interval sprint exercise

training on a manually propelled treadmill is heteroge-

neous along the vascular tree in the upper limb. Further-

more, when compared with work from Rakobowchuk

ª 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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and colleagues (Rakobowchuk et al. 2008) (performed on

a cycle ergometer), these data suggest structural adapta-

tions in conduit arteries are different in the femoral artery

versus BA following interval sprint exercises training. This

may be owing to the fact that this type of exercise train-

ing consists of isotonic, dynamic, lower limb versus iso-

metric, static, upper limb skeletal muscle contractions and

as a result arteries are likely exposed to different fluid

shear patterns. These observations confirm a breadth of

research, predominantly in animal models (Armstrong

and Laughlin 1984; Musch et al. 1987; Laughlin et al.

1988, 1996, 2006, 2008, 2012; Sexton and Laughlin 1994;

Lash and Bohlen 1997; Laughlin and Roseguini 2008),

indicating that the degree of, and spatial distribution of

training-induced vascular adaptations are different follow-

ing different modes and intensities of training (Armstrong

and Laughlin 1984; Musch et al. 1987; Laughlin et al.

1988, 1996; Sexton and Laughlin 1994), and are dis-

tributed nonuniformly along the arterial tree (Lash and

Bohlen 1997; Laughlin et al. 2006, 2008, 2012; Laughlin

and Roseguini 2008).

Limitations

The modest sample size in this study may have reduced

statistical power for detecting acute and chronic exercise-

induced changes in select variables. For example, analyses

of Cohen’s D effect sizes ((Postmean � Premean)/grouped

SD)(Cohen 1988) on variables with P values between 0.05

and 0.10 reveal that acute exercise had a medium effect

on systolic blood pressure and BA C, and chronic training

had a medium and large effect on pulse pressure and

forearm vascular L, respectively. Acute reductions in sys-

tolic blood pressure and chronic decrease in pulse pres-

sure highlight the potential therapeutic efficacy of this

exercise modality in the treatment of hypertension and

cardiovascular disease risk, but future research in clinical

populations is required to confirm this possibility. Impor-

tantly, these observations do not alter the overall conclu-

sions of the study, particularly that following 6 weeks of

training vascular adaptations are heterogeneous along the

vascular tree, indicated by increased stiffness in the BA

and evidence of decreased stiffness in the forearm vascula-

ture.

In this study, the intensity of handgrip was not con-

trolled and was unlikely to be the same across bouts

within or between participants. It is unlikely that either

stimulus (sprinting or static handgrip) was solely respon-

sible for the changes in BA and forearm vascular mechan-

ics. Both lower body and handgrip exercise increase

forearm blood flow in an intensity-dependent manner,

but operate through different mechanisms (Green et al.

2005). Furthermore, in this study forearm blood flow was

elevated ~20 min post-exercise whereas, following hand-

grip exercise alone, forearm blood flow values typically

return to baseline levels within a few minutes after exer-

cise cessation (Bystr€om and Kilbom 1990; Kagaya and

Homma 1997; Hicks et al. 1999; VanBeekvelt et al. 2001;

Osada et al. 2003). Thus, the alterations in BA and fore-

arm vascular mechanics were likely caused by the combi-

nation of sprinting with concurrent static handgrip.

Also, the models used to assess vascular remodeling

utilize different parameters, rendering it difficult to com-

pare results directly. Nevertheless, there is a degree of

overlap in the mechanical properties assessed by each

model and each model examines vascular remodeling at

different locations along the arterial tree. For this reason,

combining models may be superior to relying on a single

model when examining vascular remodeling in the entire

upper limb.

Perspectives

Interval sprint exercise performed on a manually driven

treadmill causes an acute shift in forearm vascular

mechanical function toward a more compliant vascular

bed without concurrent changes in BA compliance.

Chronic adaptations to interval sprint exercise training on

a manually propelled treadmill in the forearm vasculature

are indicative of increased elastic efficiency, without

changes in absolute elasticity. In contrast to the forearm

vascular bed, indices of BA stiffness favored a stiffer artery

post-training. Therefore, acute and chronic vascular adap-

tations were not directionally consistent with one another

and vascular adaptations induced by interval sprint exer-

cise training on a manually propelled treadmill were not

uniform along the arterial tree of the upper limb.

Conflict of Interest

None declared.

References

Armstrong, R. B., and M. H. Laughlin. 1984. Exercise blood

flow patterns within and among rat muscles after training.

Am. J. Physiol. Heart Circ. Physiol. 246:H59–H68.

Arnold, J. M., G. E. Marchiori, J. R. Imrie, G. L. Burton, P.

W. Pflugfelder, and W. J. Kostuk. 1991. Large artery

function in patients with chronic heart failure. Studies of

brachial artery diameter and hemodynamics. Circulation

84:2418–2425.

Buchheit, M., C. R. Abbiss, J. J. Peiffer, and P. B. Laursen.

2012. Performance and physiological responses during a

sprint interval training session: relationships with muscle

oxygenation and pulmonary oxygen uptake kinetics. Eur. J.

Appl. Physiol. 112:767–779.

2016 | Vol. 4 | Iss. 13 | e12861
Page 10

ª 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

Interval Sprint Training And Vascular Remodeling T. D. Olver et al.



Bulpitt, C. J., J. D. Cameron, C. Rajkumar, S. Armstrong, M.

Connor, J. Joshi, et al. 1999. The effect of age on vascular

compliance in man: which are the appropriate measures? J.

Hum. Hypertens. 13:753–758.

Bystr€om, S. E., and A. Kilbom. 1990. Physiological response in

the forearm during and after isometric intermittent

handgrip. Eur. J. Appl. Physiol. Occup. Physiol. 60:457–466.

Clifford, P. S. 2007. Skeletal muscle vasodilatation at the onset

of exercise. J. Physiol. 583:825–833.

Clifford, P. S., and Y. Hellsten. 2004. Vasodilatory mechanisms

in contracting skeletal muscle. J. Appl. Physiol. 97:393–403.

Cocks, M., C. S. Shaw, S. O. Shepherd, J. P. Fisher, A. M.

Ranasinghe, T. A. Barker, et al. 2013. Sprint interval and

endurance training are equally effective in increasing muscle

microvascular density and eNOS content in sedentary males.

J. Physiol. 591:641–656.
Cohen, J. 1988. Statistical power analysis for the behavioral

sciences (second ed.). Lawreance Erlbaum Associates,

Hillsdale, NJ.

Green, D. J., N. T. Cable, C. Fox, J. M. Rankin, and R. R. Taylor.

1994. Modification of forearm resistance vessels by exercise

training in young men. J. Appl. Physiol. 77:1829–1833.
Green, D. J., W. Bilsborough, L. H. Naylor, C. Reed, J. Wright,

G. O’Driscoll, et al. 2005. Comparison of forearm blood

flow responses to incremental handgrip and cycle ergometer

exercise: relative contribution of nitric oxide. J. Physiol.

562:617–628.

Harris, E., M. Rakobowchuk, and K. M. Birch. 2014. Sprint

interval and sprint continuous training increases circulating

CD34 + cells and cardio-respiratory fitness in young

healthy women. PLoS ONE 9:1–11.

Hazell, T. J., T. D. Olver, R. E. MacPherson, C. D. Hamilton,

and P. W. R. Lemon. 2014. Sprint interval exercise elicits

near maximal peak VO2 during repeated bouts with a rapid

recovery within 2 minutes. J. Sport Med. Phys. Fitness

54:750–756.
van der Heijden-Spek, J. J., J. A. Staessen, R. H. Fagard, A. P.

Hoeks, H. A. Boudier, and L. M. van Bortel. 2000. Effect of

age on brachial artery wall properties differs from the aorta

and is gender dependent: a population study. Hypertension

35:637–642.
Hicks, A., S. McGill, and R. L. Hughson. 1999. Tissue

oxygenation by near-infrared spectroscopy and muscle

blood flow during isometric contractions of the forearm.

Can. J. Appl. Physiol. 24:216–230.
Izzo, J. L., T. S. Manning, and B. E. Shykoff. 2001. Office

blood pressures, arterial compliance characteristics, and

estimated cardiac load. Hypertension 38:1467–1470.

Kagaya, A., and S. Homma. 1997. Brachial arterial blood flow

during static handgrip exercise of short duration at varying

intensities studied by a Doppler ultrasound method. Acta

Physiol. Scand. 160:257–265.

Klabunde, R. E. 2011. Cardiovascular physiology concepts. 2nd

ed. Lippincott Williams & Wilkins, Baltimore, MD.

Lash, J. M., and H. G. Bohlen. 1997. Time- and order-

dependent changes in functional and NO-mediated dilation

during exercise training. J. Appl. Physiol. 82:460–468.
Laughlin, M. H., and B. Roseguini. 2008. Mechanisms for

exercise training-induced increases in skeletal muscle blood

flow capacity: differences with interval sprint training versus

aerobic endurance training. J. Physiol. Pharmacol. 59:71–88.

Laughlin, M. H., R. J. Korthuis, W. L. Sexton, and R. B.

Armstrong. 1988. Regional muscle blood flow capacity and

exercise hyperemia in high-intensity trained rats. J. Appl.

Physiol. 64:2420–2427.

Laughlin, M. H., R. J. Korthius, D. J. Dunker, and R. J. Bache.

1996. Control of blood flow to cardiac and skeletal muscle

during exercise. American Physiological Society and Oxford

University Press, New York.

Laughlin, M. H., J. D. Cook, R. Tremble, D. Ingram, P. N.

Colleran, and J. R. Turk. 2006. Exercise training produces

non-uniform increases in arteriolar density of rat soleus and

gastrochnemius muscle. Microcirculation 13:175–186.

Laughlin, M. H., S. C. Newcomer, and S. B. Bender. 2008.

Importance of hemodynamic forces as signals for exercise-

induced changes in endothelial cell phenotype. J. Appl.

Physiol. 104:588–600.

Laughlin, M. H., M. J. Davis, N. H. Secher, van Lieshout J. J.,

A. A. Arce-Esquivel, G. H. Simmons, et al. 2012. Peripheral

circulation. Compr. Physiol. 2:321–447.
Mangoni, A. A., C. Giannattaso, A. Brunani, M. Failla, M.

Colombo, G. Bolla, et al. 1995. Radial artery compliance in

young, obese, normotensive subjects. Hypertension 26:984–

988.

Martinez-Lemus, L. A., M. A. Hill, and G. A. Meininger. 2009.

The plastic nature of the vascular wall: a continuum of

remodeling events contributing to control of arteriolar

diameter and structure. Physiology 24:45–57.
Musch, T. I., G. C. Haidet, G. A. Ordway, J. C. Longhurst,

and J. H. Mitchell. 1987. Training effects on regional blood

flow response to maximal exercise in foxhounds. J. Appl.

Physiol. 62:1724–1732.
Nichols, W. W. 2005. Clinical measurement of arterial stiffness

obtained from noninvasive pressure waveforms. Am. J.

Hypertens. 18:3–10.
Nielson, C. A., M. F. Frances, L. Fitzgeorge, H. Prapavessis,

M. Zamir, and J. K. Shoemaker. 2014. Impact of a

smoking cessation lifestyle intervention on vascular

mechanics in young women. Appl. Physiol. Nutr. Metab.

39:572–580.

O’Rourke, M. F., J. A. Staessen, C. Vlachopoulos, D. Duprez,

and G. E. Plante. 2002. Clinical applications of arterial

stiffness; definitions and reference values. Am. J. Hypertens.

15:426–444.

Osada, T., T. Katsumura, N. Murase, T. Sako, H. Higuchi, R.

Kime, et al. 2003. Post-exercise hyperemia after ischemic

and non-ischemic isometric handgrip exercise. J. Physiol.

Anthropol. Appl. Human Sci. 22:299–309.

ª 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
the American Physiological Society and The Physiological Society.

2016 | Vol. 4 | Iss. 13 | e12861
Page 11

T. D. Olver et al. Interval Sprint Training And Vascular Remodeling



Rakobowchuk, M., S. Tanguay, K. A. Burgomaster, K. R.

Howarth, M. J. Gibala, and M. J. MacDonald. 2008. Sprint

interval and traditional endurance training induce similar

improvements in peripheral arterial stiffness and flow-

mediated dilation in healthy humans. Am. J. Physiol. Regul.

Integr. Comp. Physiol. 295:R236–R242.
Rakobowchuk, M., M. I. Stuckey, P. J. Millar, L. Gurr, and M.

J. Macdonald. 2009. Effect of acute sprint interval exercise

on central and peripheral artery distensibility in young

healthy males. Eur. J. Appl. Physiol. 105:787–795.
Saltin, B., G. R�adegran, M. D. Koskolou, and R. C. Roach. 1998.

Skeletal muscle blood flow in humans and its regulation

during exercise. Acta Physiol. Scand. 162:421–436.

Sexton, W. L., and M. H. Laughlin. 1994. Influence of

endurance exercise training on distribution of vascular

adaptations in rat skeletal muscle. Am. J. Physiol. Heart

Circ. Physiol. 266:H483–HH490.

Shoemaker, J. K., M. J. MacDonald, and R. L. Hughson. 1997.

Time course of brachial artery diameter responses to

rhythmic handgrip exercise in humans. Cardiovasc. Res.

35:125–131.

Shoemaker, J. K., P. M. McQuillan, and L. I. Sinoway. 1999a.

Upright posture reduces forearm blood flow early in

exercise. Am. J. Physiol. 276:R1434–R1442.
Shoemaker, J. K., H. L. Naylor, C. S. Hogeman, and L. I.

Sinoway. 1999b. Blood flow dynamics in heart failure.

Circulation 99:3002–3008.

Siri, W. 1961. Body composition from fluid spaces and

density: analysis of methods. Pp. 233–244 In: Brozek J, and

Henschel A, eds. Techniques for Measuring Body

Composition. National Academy of Sciences, Washington,

DC.

Spencer, M. P., and A. B. Denison. 1963. Pulsatile blood

flow in the vascular system. Handbook Physiol. 2:839–864.

Takeshita, A., and A. L. Mark. 1980. Decreased vasodilator

capacity of forearm resistance vessels in borderline

hypertension. Hypertension 2:610–616.
Thomas, S., J. Reading, and R. Shephard. 1992. Revision of the

physical activity readiness questionnaire (PAR-Q). Can. J.

Sport Sci. 17:338–345.

VanBeekvelt, M. C., J. K. Shoemaker, M. E. Tschakovsky, M.

T. Hopman, and R. L. Hughson. 2001. Blood flow and

muscle oxygen uptake at the onset and end of moderate and

heavy dynamic forearm exercise. Am. J. Physiol. Regul.

Integr. Comp. Physiol. 280:R1741–R1747.
Zamir, M., R. Goswami, D. Salzer, and J. K. Shoemaker.

2007. Role of vascular bed compliance in vasomotor

control in human skeletal muscle. Exp. Physiol. 92:841–

848.

Zamir, M., K. Norton, A. Fleischhauer, M. F. Frances, R.

Goswami, C. W. Usselman, et al. 2009. Dynamic

responsiveness of the vascular bed as a regulatory

mechanism in vasomotor control. J. Gen. Physiol. 134:

69–75.

2016 | Vol. 4 | Iss. 13 | e12861
Page 12

ª 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

Interval Sprint Training And Vascular Remodeling T. D. Olver et al.


	Effects of acute and chronic interval sprint exercise performed on a manually propelled treadmill on upper limb vascular mechanics in healthy young men
	Citation of this paper:
	Authors

	Onl_Er_phy2_12861_GA 1..13

