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Abstract

High-intensity interval training (HIIT) represents an effective method to improve

cardiometabolic health in adolescents. This study aimed to investigate the effect

of 4 weeks of HIIT followed by 2 weeks of detraining on vascular function and

traditional cardiovascular disease (CVD) risk factors in adolescent boys.Nineteenmale

adolescents (13.3 ± 0.5 years) were randomly allocated to either a training (TRAIN,

n = 10) or control (CON, n = 9) group. Participants in TRAIN completed 4 weeks of

HIIT running with three sessions per week. Macro- (flow-mediated dilatation, FMD)

and microvascular (peak reactive hyperaemia, PRH) function, body composition (fat

mass, fat free mass, body fat percentage) and blood biomarkers (glucose, insulin, total

cholesterol, high- and low-density lipoprotein, triacylglycerol) were assessed pre-,

48 h post- and 2 weeks post-training for TRAIN and at equivalent time points for

CON. Following training, FMD was significantly greater in TRAIN compared to CON

(9.88 ± 2.40% and 8.64 ± 2.70%, respectively; P = 0.036) but this difference was

lost 2 weeks after training cessation (8.22 ± 2.47% and 8.61 ± 1.99%, respectively;

P = 0.062). No differences were detected between groups for PRH (P = 0.821),

body composition (all P > 0.14) or blood biomarkers (all P > 0.18). In conclusion,

4 weeks of HIIT improved macrovascular function; however, this training period did

notmeasurably changemicrovascular function, body compositionorbloodbiomarkers.

The reversal of the FMD improvement 2weeks post-training highlights the importance

of the continuation of regular exercise for the primary prevention of CVD.
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1 INTRODUCTION

Cardiovascular diseases (CVD) are the leading cause of non-

communicable deaths worldwide and are expected to remain a

global threat (Timmis et al., 2018). The origins of atherosclerosis,

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2023 The Authors. Experimental Physiology published by JohnWiley & Sons Ltd on behalf of The Physiological Society.

as a precursor to overt CVD, can be found in childhood (Celermajer

& Ayer, 2006) with atherosclerotic lesions already apparent in the

first decades of life (Stary, 1989). The prevalence of these lesions

increases with age and their progression is positively related to

traditional CVD risk factor status in youth (Berenson et al., 1998).

Experimental Physiology. 2023;1–12. wileyonlinelibrary.com/journal/eph 1

 1469445x, 0, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.1113/E

P090340 by T
est, W

iley O
nline L

ibrary on [15/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0002-8355-5508
https://orcid.org/0000-0002-4246-1855
https://orcid.org/0000-0003-3597-8562
https://orcid.org/0000-0002-1740-6248
https://orcid.org/0000-0001-8610-5417
mailto:a.r.barker@exeter.ac.uk
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/eph
http://crossmark.crossref.org/dialog/?doi=10.1113%2FEP090340&domain=pdf&date_stamp=2023-02-28


2 KRANEN ET AL.

Traditional CVD risk factors in youth include, amongst others, blood

lipids like total cholesterol, high-density lipoprotein (HDL), low-density

lipoprotein (LDL) and triacylglycerol (TAG), glucose tolerance, insulin

resistance and body composition (Balagopal et al., 2011). Vascular

dysfunction represents an antecedent of atherosclerotic lesions

(Juonala et al., 2004; Thijssen et al., 2019) that is already apparent

in youth (Celermajer et al., 1992) and can be assessed non-invasively

using the popular and widespread method of flow-mediated dilatation

(FMD) (Celermajer et al., 1992; Thijssen et al., 2019). As the association

between macrovascular and microvascular function is weak (Dhindsa

et al., 2008), a separate assessment of microvascular function is

pertinent. Post-occlusive reactive hyperaemia utilizing a laser Doppler

perfusion monitor is a widely used method to measure microvascular

function, with peak reactive hyperaemia (PRH) being the most

common outcomemeasurement (Cracowski et al., 2006), which can be

measured reliably alongside the FMDassessment in adolescents (Bond

et al., 2017). Identifying interventions that promote vascular function

and reduce traditional CVD risk factors is an important prevention

strategy in paediatric groups.

Regular exercise training has been shown to reduce CVD events

and risk in adults (Jolliffe et al., 2001; Paffenbarger et al., 1986; Sesso

et al., 2000). In youth, previous research has demonstrated that as

little as 4 min of vigorous physical activity (PA) per day is related to

improvements in traditional CVD risk factors (Carson et al., 2014)

and that vigorous intensity PA may be more important than moderate

intensity PA in terms of modifying CVD risk (Barker et al., 2018;

Carson et al., 2014; Hay et al., 2012). A time-efficient strategy to target

vigorous PA is high-intensity interval training (HIIT). As adolescents

have reported higher enjoyment during HIIT compared to moderate-

intensity continuous aerobic exercise (Malik et al., 2017), HIIT may

represent a useful approach for the prevention of CVD. A recent

systematic review and meta-analysis reported that school-based HIIT

interventions are an effective means to improve, amongst others,

body composition and CVD blood biomarkers in youth (Duncombe

et al., 2022). While Logan et al. (2014) suggested that a period of 7+

weeks of HIIT is necessary to improve traditional CVD risk factors in

adolescents, it has been shown that 3 weeks of HIIT was sufficient

to improve body composition and cardiorespiratory fitness, albeit in

obese adolescents (Lazzer et al., 2017). Furthermore, following a 5-

week HIIT intervention, fasting glucose and cardiorespiratory fitness

were improved in a group of healthy children (11.1 ± 0.8 years) (van

Biljon et al., 2018). Despite the aforementioned studies, few data

exist examining the effect of shorter interventions of 2–7 weeks on

traditional CVD risk factors.

Dias et al. (2015) concluded in their meta-analysis that exercise

training improves vascular function in overweight and obese youth.

However, research on the effect of HIIT interventions on vascular

function in healthy adolescents is scarce and contradictory. Bond

et al. (2015a) demonstrated that 2 weeks of HIIT improved FMD

and autonomic function in healthy adolescents in the absence of

traditional CVD risk factors. However, this study lacked a control

group and the post-training assessment was performed ∼24 h after

the last training session, potentially measuring the acute effect of the

last exercise bout (Rakobowchuk et al., 2008). By contrast, Hopkins

New Findings

∙ What is the central question of this study?

What is the effect of 4 weeks of high-intensity

interval training (HIIT) and 2 weeks of detraining

on vascular function and traditional cardiovascular

disease (CVD) risk factors in male adolescents?

∙ What is themain finding and its importance?

Four weeks of HIIT improved macrovascular

function in adolescents. However, this training

period did not measurably change microvascular

function, body composition or blood biomarkers.

Following 2 weeks of detraining, the improvement

in flow-mediated dilatation (FMD) was lost. This

highlights the importance of the continuation of

regular exercise for the primary prevention of CVD.

et al. (2012) reported no statistically significant differences in FMD

following 8 weeks of exercise training in adolescent twins. There is

a similar gap in the literature regarding the effect of HIIT on micro-

vascular function in healthy youth. It is currently unknown whether

a short HIIT intervention of 4 weeks could enhance both vascular

function and traditional CVD risk factors in healthy adolescents.

The health benefits provided by participation in an exercise

programme often wane after cessation of the exercise stimulus, for

example, the improvements in vascular function after 2 weeks of HIIT

in adolescents were mostly lost 3 days post-training (Bond et al.,

2015a). Although detraining periodsmay appear regularly in youth due

to school holidays when sports clubs are paused, little is known about

the timeline of the detraining effect in youth following a HIIT inter-

vention and whether differences exist between traditional and novel

CVD risk factors.

The aim of this studywas to investigate the effect of 4weeks ofHIIT

running on macro- and microvascular function as well as traditional

CVD risk factors in adolescent boys compared to a sedentary control

group. A further aim was to identify how 2 weeks of detraining will

affect potential benefits from the training period. It was hypothesized

that: (1) 4 weeks of HIIT running would improve macro- and micro-

vascular function as well as traditional CVD risk factors, and (2)

2 weeks of detraining would reverse the improvements induced by the

training back to pre-training values.

2 METHODS

2.1 Participants

A convenience sample of 21 adolescent boys (12–14 years) was

recruited from a local secondary school to participate in this

randomised controlled trial, which was approved by the Sport
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KRANEN ET AL. 3

and Health Sciences Ethics Committee, University of Exeter

(161207/B/02) and adhered to the principles of the Declaration of

Helsinki. The study was not registered in a database. Exclusion criteria

included any musculoskeletal injury in the last 6 months and the use

of any medication or presence of disease that may influence vascular

function. Before commencement of the project, details of the study

and associated risks and benefits were explained to pupils and parents

andwritten participant assent and parental consent were obtained.

2.2 Experimental design

Participants visited the laboratories at the University of Exeter on

three occasions over a period of ∼7 weeks: immediately before the

training intervention (PRE), 48 h after the last session of the inter-

vention (POST) and after 2 weeks of detraining (DT). Additionally,

participants allocated to the training group completed 12 training

sessions over 4 weeks at their school. Participants were asked

to replicate their evening meal prior to each laboratory visit.

Furthermore, participants were instructed to avoid strenuous exercise

during the 48 h preceding each visit. Participants were reminded of

these instructions before each laboratory visit.

2.2.1 Visit 1 (PRE): pre-training and fitness
assessment

Participants were transported to the laboratory at 08:00 h after a

∼12 h overnight fast. Stature and body mass of the participants

were measured to the nearest 0.1 cm and 0.1 kg, respectively, using

standard procedures. Fat mass and fat free mass were estimated using

the BodPod (Life Measurement Inc., Concord, CA, USA), which has

been validated in this population (Ferri-Morales et al., 2018). Body

mass index (BMI) was calculated as body mass (kg) divided by stature

(m) squared. Age and sex specific BMI cut-points were then used

to classify participants as overweight or obese (Cole et al., 2000).

Pubertal status was estimated through self-assessment of secondary

sexual characteristics using adapted drawings of the five stages

of pubic hair development (Morris & Udry, 1980). Capillary blood

samples were taken for the analysis of blood glucose, insulin, total

cholesterol, HDL, LDL and TAG. Following a brief familiarisation to the

vascular measurements, participants rested in a supine position in a

darkened, temperature-controlled room (24◦C) for∼10min before the

simultaneous assessment of macrovascular (FMD) and microvascular

(laser Doppler perfusion monitoring) function (Bond et al., 2017). Sub-

sequently, participants performed a multistage 20 m shuttle run test

(Leger et al., 1988) to determine their maximal aerobic speed (MAS),

whichwas used to calculate the intensity of theHIIT sessions. The 20m

shuttle run test is both reliable and valid in adolescents (Castro-Piñero

et al., 2010). Participantswere asked to run between two lines set 20m

apart by following the pace of an audio signal. The test began at a speed

of 8.5 km h−1 and increased by 0.5 km h−1 each minute until volitional

exhaustion, which was assumed when participants were not able to

reach the line in the required time frame on two consecutive occasions.

The speed of the last complete shuttle run was taken as MAS. Age and

sex specific reference values were then used to describe participants’

fitness levels using the speed at the last complete stage (Tomkinson

et al., 2017).

After the first visit, participants were randomly assigned to either

a training (TRAIN; n = 10) or a control (CON; n = 9) group using a

closed envelope system. All participants were asked to continue their

normal PA routine for the duration of the study and reminded at each

visit.

2.2.2 Training intervention

Participants in TRAIN completed 4 weeks of HIIT consisting of three

training sessions per week according to the following session break-

down:

Weeks 1 and 2: 8 × 1 min running intervals interspersed with 75 s of

passive rest.

Week 3: 10 × 1min running intervals interspersed with 75 s of passive

rest.

Week 4: 12 × 1min running intervals interspersed with 75 s of passive

rest.

Each training session began with a 1 min warm-up of jogging

at 6 km h−1. Participants then completed the intervals by running

back and forth between two cones following an audio signal. The

distance between the cones was determined individually so that

the speed necessary to cover it within the time frame equated to

90% of MAS. Heart rate was monitored throughout each training

session (Polar Team2, Polar Electro, Kempele, Finland) and participants

rated their perceived exertion of the session using a 1−10 Rating

of Perceived Exertion (RPE) scale (Foster et al., 2001) immediately

following completion of the session.During the rest period participants

remained upright near the starting cone.

The training sessions were performed in groups of two to nine

participants and took place in the school’s sports hall at 08:00 h before

the first lesson on Monday, Wednesday and Friday. All sessions were

led by amember of the research team.

2.2.3 Visit 2 (POST): post-training assessment

Visit 2 constituted the post-training assessment for TRAIN and CON.

For TRAIN, it took place 48 h after the last training session to limit

the acute effects of this session on vascular function (Rakobowchuk

et al., 2008). In order to match the time period from the beginning

of the study for TRAIN, participants in CON attended the laboratory

4 weeks and 48 h after completion of visit 1. Participants were trans-

ported to the laboratory at 08:00 h after an approximately 12 h

overnight fast where body composition, blood and vascular outcomes

were reassessed as detailed in visit 1.
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4 KRANEN ET AL.

2.2.4 Visit 3 (DT): detraining assessment

The final visit took place 2 weeks after the post-training visit.

Participants were transported to the laboratory at 08:00 h after an

approximately 12 h overnight fast. Anthropometric measurements,

blood sampling and assessment of vascular function were repeated as

on visit 2.

2.3 Macrovascular function

Macrovascular function was assessed in the brachial artery of the

participants’ left arm. High resolution Doppler and B-mode images

of the brachial artery were simultaneously assessed (Sequoia 512,

Acuson, Siemens Corp, Aspen, CO, US) with a 13 MHz linear array

transducer in duplex mode, in accordance with recent guidelines

(Thijssen et al., 2019) and our previous work (Bond et al., 2017).

Following a ∼10 min acclimatization period to the temperature-

controlled room (24◦C) in the supine position, baseline arterial

diameter was measured for 1 min. Endothelium-dependent vaso-

dilatation of the brachial artery was measured for 3 min after a

5 min ischaemic stimulus induced by rapid forearm pneumatic cuff

inflation (moorVMS-PRES, Moor Instruments Ltd, Axminster, UK) to

200 mmHg. Baseline arterial diameter and post-occlusion brachial

artery diameter were assessed during end diastole using validated

ECG-gating software (Medical Imaging Applications LLC, Coralville, IA,

USA) (Mancini et al., 2002; Thijssen et al., 2019). All analyses were

performed by the same investigator who was blinded to the group

allocation. FMDwas calculated using the following equation:

FMD (%) =
Peak post − occlusion diameter −Mean baseline diameter

Mean baseline diameter

× 100%

The area under the curve for estimated shear rate (SRAUC) was

calculated from the time of cuff deflation until peak dilatation (Pyke

& Tschakovsky, 2005). In line with other paediatric data reported

by our laboratory (Bond et al., 2015c,b; Kranen et al., 2019) and

others (Thijssen et al., 2009a), preliminary analyses using Pearson’s

correlation coefficient (r) revealed that there were no consistently

significant correlations between SRAUC and FMD. As a consequence,

FMD was not normalised for shear; however, shear data are pre-

sented separately in compliance with the current guidelines (Thijssen

et al., 2019). Given the suggestion of adjusting FMD allometrically

for baseline diameter (Atkinson & Batterham, 2013), Pearson’s

correlation coefficient (r) was applied to examine the relationship

between FMD and baseline diameter. However, as there were

no consistently significant correlations between FMD and baseline

diameter, allometric scaling was not undertaken.

2.4 Microvascular function

Microvascular function was simultaneously assessed during the FMD

protocol using a laser Doppler perfusion monitor (moorVMS-LDF,

Moor Instruments Ltd, Axminster, UK). An optic probe with eight

collecting fibres in a 2 mm ring with a central delivery fibre was

attached using adhesive stickers to the distal third of the forearm

(Cracowski et al., 2006). High resolution data were collected at 40 Hz

and then analysed using the moorVMS-PC software (moorVMS-LDF,

Moor Instruments Ltd, Axminster, UK). Microvascular function was

quantified as PRH, which was defined as the highest point after

cuff deflation in relation to the average perfusion pre-occlusion. The

between-day coefficient of variation for PRH in our laboratory is 19%

(Kranen et al., 2021).

2.5 Blood analyses

A fingertip capillary blood sample was taken for the analysis of total

cholesterol, HDL, LDL and TAG (CardioChek PA, BHR Pharmaceuticals

Ltd, Nuneaton, UK) (Panz et al., 2005). Two further fingertip capillary

blood samples (∼200 μl each) were taken into heparin/fluoride coated
microvettes (CB 300 FH tubes, Sarstedt AG & Co., Nümbrecht,

Germany) and analysed immediately for blood glucose (YSI 2900D

Biochemistry Analyzer, YSI Inc., Yellow Springs, OH, USA) and

centrifuged at 4000 rpm for 8 min, respectively. Plasma was then

separated from the centrifuged sample and stored at −80◦C for

later analysis of plasma [insulin]. Plasma [insulin] was measured in

duplicate by enzyme immunoassay (DRG InstrumentsGmbH,Marburg,

Germany) using an EnSpire 2300 plate reader (Perkin Elmer Inc.,

Waltham, MA, USA) against a five-parameter standard curve (0, 6.25,

12.5, 25, 50 and 100 μl ml−1). The within-batch coefficient of variation

for plasma [insulin] analysis was 5.6%.

2.6 Statistical analyses

Sample size was calculated a priori using G*Power based on an

observed large effect from the study by Bond et al. (2015a) with FMD

as main outcome measure. With the inclusion of statistical power

of 80%, an α of 0.05, a partial η2 of 0.25 (large effect), two groups

(training and control) and threemeasurements (PRE, POST, DT), a total

sample size needed was 18. Recruitment was adjusted to account for

an anticipated participant dropout of 10%.

All data are presented as mean and standard deviation (SD) unless

otherwise stated. An independent Student’s t-test was used to analyse

differences in participant characteristics between groups. Descriptive

statistics were employed to present the heart rate and perceptual

responses during the training sessions.

Due to a technical failure of the pneumatic cuff on visit 1, one

participant in CON had no macro- and microvascular data at PRE.

Furthermore, post-training blood lipid data were incomplete with

missing values from three participants of both TRAIN and CON.

A linear mixed model (LMM) analysis with the restricted maximum

likelihood method was used to determine the effect of training and

detraining on vascular function and other CVD risk factors with the

respective pre-training (PRE) and post-training (POST) measurement

as covariate, respectively. The LMM analysis was chosen because

it accommodates missing data by generating estimates using all
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KRANEN ET AL. 5

TABLE 1 Heart rate and perceptual responses during the training sessions.

Training session

Average HR

(b ⋅min−1) Average HR (%HRmax) PeakHR (b ⋅min−1) PeakHR (%HRmax) RPE

1 157± 13 77± 5 197± 9 97± 2 3.9± 1.0

2 161± 12 79± 4 199± 12 98± 3 3.9± 0.6

3 163± 11 79± 4 198± 6 97± 3 4.2± 1.3

4 162± 10 79± 4 196± 9 96± 3 3.7± 0.8

5 159± 7 78± 3 196± 7 96± 3 3.7± 0.8

6 158± 9 78± 4 194± 7 95± 3 3.5± 0.8

7 161± 8 79± 3 196± 7 96± 2 3.9± 0.7

8 158± 9 78± 3 193± 8 95± 3 3.8± 0.6

9 155± 12 76± 4 193± 9 95± 3 3.8± 1.0

10 160± 9 78± 3 197± 10 96± 3 3.6± 0.8

11 157± 11 77± 4 193± 7 95± 2 3.9± 0.7

12 159± 9 78± 3 194± 8 95± 2 3.6± 0.8

Abbreviations: HR, heart rate; b min−1, beats per minute; HRmax, maximum heart rate; RPE, rating of perceived exertion (ranging from 1 (‘very, very easy’) to

10 (‘maximal’)).

data available for each participant. For significant group effects,

standardised effect sizes (ES) were calculated, with the latter used

to determine the magnitude of the observed effect according to the

following: trivial (<0.2), small (0.2), moderate (0.5) and large (0.8)

(Cohen, 1988). Statistical significance was accepted when P < 0.05.

IBM SPSS Statistics software (Version 25; IBM Corp., Armonk, NY,

USA) was used for all statistical analyses.

3 RESULTS

Two participants failed to complete the study due to either

illness or time constraints. No significant differences between the

characteristics of participants in TRAIN (n = 10; age: 13.3 ± 0.6 years;

height: 1.59 ± 0.09 m; body mass: 44.4 ± 6.2 kg) and CON (n = 9; age:

13.3± 0.5 years; height: 1.64± 0.10m; bodymass: 50.1± 8.8 kg) were

observed (all P > 0.05). One participant in CON was categorized as

overweight. Maturity status for participants in TRAIN and CON was

as follows: stage 1, n = 1 and 0, stage 2, n = 4 and 1, stage 3, n = 1 and

4, stage 4, n = 3 and 4, respectively. One participant randomised to

TRAIN did not report their maturity status. Participants in TRAIN and

CON were classified in the following percentiles for cardiorespiratory

fitness: 20th, n = 0 and 1, 60th, n = 1 and 2, 70th, n = 3 and 3, 80th,

n = 3 and 1, 90th, n = 3 and 2, respectively. All participants in TRAIN

completed 100% of all the training sessions without any adverse

events. A summary of HR and RPE responses during the training

sessions is provided in Table 1.

3.1 Macro- and microvascular function

Data for macrovascular function are presented in Table 2. After

4 weeks of HIIT, FMD was significantly higher in TRAIN compared to

CON (F(15)= 5.33, P= 0.036, ES= 0.49) with no significant difference

between groups after 2 weeks of detraining (F(16)= 4.017, P= 0.062).

No differences between groups were detected for baseline diameter

(F(15) = 2.544, P = 0.132), peak diameter (F(15) = 0.921, P = 0.352)

or SRAUC (F(15) = 0.008, P = 0.932). There was no significant effect

of training on PRH (F(15) = 0.053, P = 0.821). Changes in vascular

function from pre-training to post-training (∆1) and from post-training

to detraining (∆2) are illustrated in Figure 1.

3.2 Body composition and blood biomarkers

Body composition and blood biomarker data are presented in Table 3.

No differences between groupswere observed after training for any of

thebody compositionoutcomes (BMI:F(16)=2.401,P=0.14; fatmass:

F(16) = 0.023, P = 0.88; fat free mass: F(16) = 0.001, P = 0.98; body

fat percentage: F(16)= 0.041, P= 0.84). Absolute changes from pre- to

post-training (∆1) and post-training to detraining (∆2) are illustrated in

Figure 2. There was no difference between TRAIN and CON following

the training period (POST)with regards to the blood biomarkers (blood

glucose: F(16)= 0.41, P= 0.531; insulin: F(16)= 1.913, P= 0.186; total

cholesterol: F(10) = 0.002, P = 0.961; HDL: F(10) = 0.393, P = 0.545;

LDL:F(10)=0.08,P=0.783andTAG:F(10)=1.82,P=0.207).Absolute

changes from pre- to post-training (∆1) and post-training to detraining

(∆2) are illustrated in Figure 2 (body composition parameters) and in

Figure 3 (blood biomarkers).

4 DISCUSSION

The main finding of the present study is that 4 weeks of HIIT running

improved macrovascular function in a group of male adolescents;

however, this improvement was reversed 2 weeks after training

cessation. Furthermore, the training had no measurable effect on

microvascular function, body composition or blood biomarkers
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6 KRANEN ET AL.

TABLE 2 Macrovascular function for training and control group before training (PRE) and after 4 weeks of training (POST) and 2weeks of
detraining (DT).

TRAIN (n= 10) CON (n= 9)

PRE POST DT PRE POST DT

Baseline diameter (mm) 2.88± 0.38 2.91± 0.35 2.92± 0.32 2.92± 0.45 (8)a 3.08± 0.35 3.06± 0.39

Peak artery diameter (mm) 3.09± 0.35 3.20± 0.35 3.16± 0.32 3.17± 0.46 (8)a 3.34± 0.37 3.32± 0.41

FMD (%) 7.78± 2.36 9.88± 2.40* 8.22± 2.47 8.54± 2.58 (8)a 8.64± 2.70 8.61± 1.99

SRAUC 33634± 13915 47879± 14993 50599± 11774 42995± 10837 (8)a 52876± 14485 53300± 11799

aWhere n ≠ denoted number, actual sample number is presented in brackets. *Significant difference between groups, P < 0.05. Abbreviations: CON, control

group; FMD, flow-mediated dilatation; SRAUC, shear rate area under the curve; TRAIN, training group.

F IGURE 1 Absolute changes in vascular
function from pre-training to post-training (∆1)
and from post-training to detraining (∆2) for
training group (●) and control group (○). (a)
flow-mediated dilatation (FMD); (b) peak
reactive hyperaemia (PRH).

TABLE 3 Body composition and blood biomarkers for training and control group before training (PRE) and after 4 weeks of training (POST)
and 2weeks of detraining (DT).

TRAIN (n= 10) CON (n= 9)

PRE POST DT PRE POST DT

BMI (kgm−2) 17.4± 0.9 17.2± 0.9 17.3± 0.8 18.6± 2.5 18.2± 2.3 18.4± 2.4

Fat mass (kg) 7.8± 3.1 8.3± 3.1 7.9± 3.2 11.0± 4.7 11.1± 5.2 10.8± 4.4

Fat freemass (kg) 36.5± 7.0 36.7± 5.8 37.2± 6.0 39.1± 6.8 39.2± 7.9 40.0± 8.3

Body fat (%) 18.0± 7.3 18.4± 6.2 17.6± 6.4 21.6± 7.5 21.9± 9.1 21.3± 7.9

Blood glucose (mmol l−1) 5.74± 0.32 6.26± 1.00 5.69± 0.70 5.50± 0.45 6.06± 0.42 5.84± 0.28

Total cholesterol (mmol l−1) 3.60± 0.55 3.36± 0.35 (7)a 3.24± 0.50 3.42± 0.42 3.25± 0.58 (6)a 3.06± 0.53

HDL (mmol l−1) 1.35± 0.20 1.18± 0.20 (7)a 1.29± 0.34 1.31± 0.36 1.09± 0.38 (6)a 1.16± 0.29

LDL (mmol l−1) 2.08± 0.50 2.06± 0.26 (7)a 1.80± 0.30 1.98± 0.58 1.94± 0.62 (6)a 1.73± 0.67

TAG (mmol l−1) 0.84± 0.31 0.61± 0.07 (7)a 0.78± 0.27 0.65± 0.10 1.07± 1.02 (6)a 0.83± 0.34

Insulin (μl ml−1) 9.74± 3.14 12.32± 2.16 11.64± 4.55 11.16± 3.96 11.47± 3.83 14.44± 4.44

aWhere n ≠ denoted number, actual sample number is presented in brackets. Abbreviations: BMI, body mass index; CON, control group; HDL, high-density

lipoprotein; LDL, low-density lipoprotein; TAG, triacylglycerol; TRAIN, training group.

suggesting a longer training duration may be necessary for

improvements in these risk factors.

4.1 Vascular function and exercise training

In the current study, FMD was significantly enhanced following

4 weeks of HIIT in male adolescents. This finding corroborates the

results of Bond et al. (2015a) who showed that 2 weeks of HIIT

improved FMD in a group of 13 adolescents. Although the clinical

value of change in FMD is unknown for paediatric groups, the observed

magnitude of change in FMD of 2.1% after 4 weeks of HIIT is

encouraging based on the inverse correlation between FMD and

prospective CVD events (Inaba et al., 2010; Ras et al., 2013) and that

for every 1% increase in FMD the CVD risk is reduced by an estimated

13% in adults (Green et al., 2011).

Vascular adaptations to exercise training may occur on a functional

or structural level (Tinken et al., 2008). Functionally, it is thought
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KRANEN ET AL. 7

F IGURE 2 Absolute changes in different
body composition parameters from pre- to
post-training (∆1) and post-training to
detraining (∆2) for training group (●) and
control group (○). (a) Fat freemass, (b) fat
mass, (c) body fat percentage, and (d) body
mass index.

that exercise training induces the activation of endothelial nitric

oxide synthase (eNOS), which then leads to an improvement in end-

othelial function (Green et al., 2017). Artery shear stress is the main

contributor in the upregulation of eNOS activity (Tinken et al., 2009)

and others have shown that shear is positively related to exercise

intensity (Thijssen et al., 2009b). We were not able to measure eNOS

or shear stress during the exercise bout in the study; however, it can

be hypothesized that the intensity used in the current intervention

of 90% MAS and the accompanying shear stress may be responsible

for the observed improvement of FMD. This notion is reinforced by

previous findings that habitual PA at high intensity may be more

beneficial to vascular health in children than PA at lower intensities

(Hopkins et al., 2009). However, we have recently shown that a

single bout of high-intensity interval running and distance-matched

moderate-intensity interval running improves FMD irrespective of

intensity, indicating that the intermittent nature of the exercise is

an important stimulus (Kranen et al., 2021). Others have shown

that endothelin-1, a potent vasoconstrictor (Thijssen et al., 2007),

was significantly reduced and plasma levels of NO were significantly

increased for up to 4 weeks following a chronic exercise intervention

(Maeda et al., 2001). However, aswe did notmeasure endothelin-1 and

NO, this explanation for the increase in FMD remains speculative for

the present investigation.

From a structural point of view, regular exercise leads to

remodelling of conduit arteries, which increases the vessel diameter

and thereby reduces the resistance to flow (Green et al., 2017).

However, no significant differences were detected in either base-

line or peak brachial artery diameter post-training in the current

study, suggesting the training duration was inadequate to produce

measurable structural changes. This interpretation is supported by

Tinken et al. (2008) who observed an ongoing increase in conduit

dilator capacity, a proxy for artery structure, throughout 8 weeks

of exercise training in healthy young males. Previously, Green et al.

(2017) stated that both artery function and structure can be altered

with an exercise intervention and that the improvement in function

acts as a driver for structural changes. Our findings indicate that

enhancements in vascular function are achievable with a 4-week

HIIT intervention in a healthy youth population, but measurable

structural vascular adaptations are likely to require a longer training

stimulus.

The changes in FMD seen after 4 weeks in the present study were

not reliably evident when measured 2 weeks after the intervention,

which is in line with other studies reporting a reversal of the training-

induced improvements in FMD in patient populations following

8 weeks (Maiorana et al., 2001) or 1 month of detraining (Vona et al.,

2004). It could be speculated that the training-induced expression of

eNOS is reversed in the detraining period, thereby causing a reduction

in FMD. This idea is supported by the findings of Suvorava et al.

(2004) who reported a significant downregulation of eNOS activation

concomitant with an impairment in endothelium-dependent vaso-

dilatation in sedentary compared to active mice. Given the observed

detraining effect, it is important from a public health perspective to

identify ways to implement HIIT and/or promote habitual vigorous

PA.
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8 KRANEN ET AL.

F IGURE 3 Absolute changes in different
blood biomarkers from pre- to post-training
(∆1) and post-training to detraining (∆2) for
training group (●) and control group (○). (a)
Blood glucose, (b) insulin, (c) total cholesterol,
(d) high-density lipoprotein, (e) low-density
lipoprotein, and (f) triacylglycerol.

In comparison to the improvement in macrovascular function, no

differences in PRH were detected between groups post-training. At

first glance, this observation should not be surprising because the

mechanisms underlying the FMD and PRH responses are divergent:

while it has been generally accepted that FMD is mediated by nitric

oxide (NO) (Green, 2005), Wong et al. (2003) showed that PRH is

not NO-mediated. Furthermore, adaptations to exercise training are

thought to follow different patterns for macro- and microvascular

function. Exercise leads to an enlargement of the capillarity of the

microvasculature in skeletal muscle, which then allows an increased

oxygen extraction (Hellsten & Nyberg, 2015). However, the present

results differ from the findings of Naylor et al. (2016) who reported

an increase in both FMD and microvascular function (cutaneous laser

Doppler) after an exercise intervention of 12 weeks in adolescents

with type 2 diabetes. Furthermore, Donghui et al. (2019) observed

an improvement in microvascular function in obese adolescents after

6 weeks of aerobic exercise training accompanied by a diet restriction.

The authors suggested that this enhancement may be related to

serum microRNA-126, an indicator of vascular endothelial function,

which was also elevated after the intervention. However, both pre-

vious studies dealt with clinical populations (type 2 diabetes, obesity)

whereas the participants in our study were healthy adolescents. It

has previously been shown that adolescents with type 2 diabetes

already exhibit early signs of vascular dysfunction (Naylor et al., 2011).

Similarly, the obese participants in the study by Donghui et al. (2019)

displayed evidence of microvascular dysfunction before the inter-

vention. Another difference is the shorter training period of only

4 weeks of HIIT compared to 12 weeks of combined aerobic and

resistance exercise training with gradual progression (Naylor et al.,

2016) and 6 weeks with five sessions per week (Donghui et al.,
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KRANEN ET AL. 9

2019). Akin to our observation, FMD increased significantly after

8 weeks of cycle ergometer training at 80% HRmax in healthy young

men without changes in the cutaneous microcirculation (Argarini

et al., 2021). It was suggested that other stimuli like hypoxia may be

required to induce structural microvascular adaptions as it triggers

the release of proangiogenic substances during exercise. Furthermore,

Morrissey et al. (2018) reported that 3 months of HIIT did not

improve microvascular function in obese adolescents who previously

did not exhibit microvascular dysfunction. Thus, improvements in

microvascular function following exercise training may be reserved to

those with impairments. This view is supported by the conclusion of

a recent systematic review and meta-analysis (Lanting et al., 2017)

that exercise training would not improve cutaneous microvascular

reactivity in physically active healthy adults. Although we have pre-

viously shown that a single bout of HIIE can acutely improve micro-

vascular function in healthy adolescents (Bond et al., 2015b,c; Kranen

et al., 2021), it remains to be elucidatedwhat exercise training duration

is required to chronically enhance microvascular function in healthy

youth.

4.2 Traditional CVD risk factors and exercise
training

TraditionalCVDrisk factors of body composition andbloodbiomarkers

remained unchanged after 4 weeks of HIIT in the present study.

Several paediatric studies have previously reported a reduction in

BMI (Corte de Araujo et al., 2012; Lazzer et al., 2017; Racil et al.,

2013, 2016) and/or body fat percentage (Lau et al., 2015; Lazzer et al.,

2017; Racil et al., 2013; Tjønna et al., 2009) following 3–12 weeks

of HIIT. However, as these studies were performed in obese youth

populations, the respective findings are apparently not transferable

to the healthy adolescents in the current investigation. Moreover, it

is noteworthy that the training period in the aforementioned studies

with 6–12weeks, except for the study by Lazzer et al. (2017) with only

3 weeks of training, was longer than in our investigation. In normal-

weight youth, only a few studies observed a reduction in body fat

percentage after 7 (Buchan et al., 2011) or 8 weeks (Logan et al., 2016)

of HIIT. In accordance with our findings, most studies were unable to

detect improvements in body composition (Baquet et al., 2001, 2004;

Martin et al., 2015;Weston et al., 2016).

Previously, Bond et al. (2015a) reported that 2 weeks of HIIT had

no effect on fasted glucose, insulin or any blood lipids in healthy

adolescents. Similarly, the male adolescents in the study by Cockcroft

et al. (2019) did not exhibit any improvements in plasma glucose

or insulin after a 2-week HIIT intervention. Although the training

period was doubled compared to the aforementioned studies, no

enhancements were detected in any of the blood biomarker outcomes

examined in the present study. However, in a slightly longer inter-

vention (5 weeks of HIIT with 10 × 1 min intervals at >80% HRmax,

3 times per week), van Biljon et al. (2018) observed a trend towards

improvement in fasting glucose without concomitant enhancement

in insulin in healthy 10- to 13-year-olds. By contrast, Buchan et al.

(2011) showed that 7 weeks of HIIT had no effect on glucose, insulin

or blood lipids in healthy adolescents and another study reported

improvements in TAG after a HIIT intervention of 10 weeks (Weston

et al., 2016). For healthy youth, longer training periods seem to be

necessary to inducemeaningful changes in those blood biomarkers.

It seems that the training duration of 4 weeks was insufficient

to improve body composition and blood biomarkers in our healthy

paediatric population despite the enhancement in macrovascular

function.Given the above findings, however, further research is needed

to identify the ideal design and duration of HIIT interventions to

improve traditional CVD risk factors. In addition, our findings show

that for the evaluation of whether an exercise intervention is deemed

successful with regards to reducingCVD risk, it is important to assess a

comprehensive range of CVD risk factors, especially including ‘novel’

risk factors like vascular and autonomic function (Joyner & Green,

2009).

4.3 Considerations and limitations

This is the first study to examine the effects of 4 weeks of HIIT on

vascular function and traditional risk factors in healthy youth. The

strengths of the study comprise the additional investigation of a

detraining effect, the simultaneous measurement of both macro- and

microvascular function, the full compliance with the exercise training

of all participants, and the timing of the post-training assessment.

However, this study does have limitations. Participants in the current

study were adolescent males (12–14 years old) and it is therefore

unknown how the results translate to other groups such as female

adolescents. Although Bond et al. (2015c) demonstrated that there

were no significant differences in vascular function between sexes

following an acute bout of exercise, future studies with female

adolescents undergoing a chronic exercise intervention arewarranted.

Similarly, as all participants bar one in the present investigation pre-

sented fitness levels of >60th percentile for their age, the findings are

restricted to a healthy and fit youth population. Furthermore, post-

training blood lipid data were incomplete with missing values from

three participants of both TRAIN and CON, though the LMM analysis

was chosen to accommodate missing data. Another limitation of the

current study is that we were not able to control for physical activity

outside the study, which is also an issue with the wider literature.

However, participants were instructed and regularly reminded to

continue their habitual exercise routine throughout the study.

4.4 Conclusion

Four weeks of HIIT significantly enhanced macrovascular function in

a paediatric population without measurable changes in microvascular

function, body composition and blood biomarkers. Hence prospective

training studies investigating CVD risk should be encouraged to also

assess vascular function, otherwise the potential benefit of exercise

training on CVD risk might be overlooked. For healthy adolescents
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10 KRANEN ET AL.

without CVD risk factors the training period may be too short to

achieve favourable changes in traditional CVD risk factors. The current

findings and the extant literature suggest that modifications of these

may occur after 6–8 weeks of HIIT. Furthermore, the reversal of the

improvement in FMD 2 weeks post-training highlights the importance

of the continuation of regular exercise.
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