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ABSTRACT

Background: A hallmark feature of children with congenital heart
disease (CHD) is exercise intolerance. Whether a home-based resis-
tance training intervention improves muscle oxygenation (as measured
by tissue oxygenation index, TOI) and exercise tolerance (V02 reserve)
during aerobic exercise in children with CHD compared with healthy
children is unknown.

Methods: We report findings for 10 children with CHD (female/male:
4/6; mean + standard deviation age: 13 + 1 years) and 9 healthy
controls (female/male: 5/4; age: 12 + 3 years). Children with CHD
completed a 12-week home-based exercise programme in addition to
6 in-person sessions. Exercise tolerance was assessed with a peak
exercise test. Vastus lateralis TOl was continuously sampled during the
peak VO, test via near-infrared spectroscopy.

Results: There was a medium effect (Cohen’s d = 0.67) of exercise
training on lowering TOI at peak exercise (pre: 30 + 16 %total labile

Children with congenital heart disease (CHD) exhibit reduced
exercise tolerance compared with healthy peers, predisposing
them to cardiovascular disease later in life.'” Mechanisms that
contribute to exercise intolerance in children with CHD are
not fully understood, resulting in a lack of practical, evidence-
based exercise programming for these children. As exercise
intolerance is a major predictor for all-cause and cardiovas-
cular mortality, this knowledge gap must be resolved. o8
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RESUME

Contexte : L'une des manifestations caractéristiques de la car-
diopathie congénitale chez les enfants est I'intolérance a I'effort. Il
n'est pas clair si un entrainement musculaire a la maison permet
d’améliorer I'oxygénation musculaire (selon I'indice d’oxygénation tis-
sulaire, ou TOI pour tissue oxygenation index) et la tolérance a I'effort
(réserve de consommation d’oxygéne [VOZ]) lors d'un exercice
aérobique chez les enfants atteints d’une cardiopathie congénitale,
comparativement aux enfants en bonne santé.

Méthodologie : Les résultats présentés concernent 10 enfants atteints
d’une cardiopathie congénitale (filles/garcons : 4/6; 4ge moyen + écart-
type : 13 ans + 1 an) et neuf enfants témoins en bonne santé (filles/
garcons : 5/4; age : 12 ans + 3 ans). Les enfants atteints d’une car-
diopathie congénitale ont participé a un programme d’exercices a la
maison de 12 semaines, en plus d’assister en personne a six séances. La
tolérance a I'effort a été évaluée au moyen de I'épreuve d’effort maximal.

Both central (cardiac) and peripheral (vascular and muscle)
factors are known to play a role in reduced exercise tolerance in
CHD.”"" Structured aerobic exercise training interventions
have shown to improve cardiac determinants of VOy;"*'?!¢
however, exercise tolerance generally remams lower compared
with healthy age- and sex-matched controls.” Therefore, the
possibility of alterations in O, delivery to skeletal muscle as a
result of impaired blood flow and microvascular dysfunction, as
well as reduced O, utilization at the working muscle, should be
considered as a candidate for peripheral determinants of exer-
cise tolerance rather than cardiac factors alone.'”

Near-infrared  spectroscopy (NIRS) is commonly
employed to determine microvascular function in the muscle
as it is a direct, reliable, and valid noninvasive measure of
muscle oxygenation status at the microvascular level.'®"”
Specifically, near-infrared light monitors continuous
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signal vs post: 20 + 13 % total labile signal; P = 0.099). Exercise
training had a small effect (Cohen’'s d = 0.23) on increasing VO,
reserve by 1.6 mL/kg/min (pre: 27.2 + 5.7 mL/kg/min vs post: 29.4
+ 8.8 mL/kg/min; P = 0.382). There was also a small effect (Cohen’s
d = 0.27) of exercise on peak heart rate (pre: 175 + 23 beats/min vs
post: 169 + 21 beats/min; P = 0.18). TOl, VO, resetve, and heart rate
were generally lower than healthy control participants.

Conclusions: Our findings indicate that home-based resistance
training may enhance skeletal muscle oxygen extraction (lower TOI)
and subsequently V02 reserve in children with CHD.

changes in oxygenated and deoxygenated haemoglobin and
myoglobin in the microvasculature (small arterioles, capil-
laries, and venules).®®'>*%?1 As such, O, delivery, avail-
ability, and utilization at the muscle can be measured using
NIRS. Moalla et al.”" found reduced tissue oxygenation in-
dex (TOI), a measure of muscle oxygenation, in the vastus
lateralis of children with CHD compared with healthy peers.
After a 12-week aerobic exercise intervention, TOI and
muscle strength were shown to improve during isometric
knee extensor exer.cise.22 In children with Fontan circulation,
both TOI and VO, may also lower at rest and during
unloaded cycling compared with healthy controls, suggesting
that impaired O, delivery and the rate of O, uptake may
contribute to reduced exercise tolerance.”” These data sup-
port further investigation to evaluate TOI at peak aerobic
exercise with the addition of an exercise intervention to
determine if impaired TOI in children with CHD can be
mitigated.

Structured  cardiac  rehabilitation  programmes and
home-based exercise training are well established non-
pharmacologic treatments for adults and children with
CHD."**>%*?7 Numerous studies have shown the effec-
tiveness of acrobic exercise training on improvin% exercise
intolerance in children with CHD."?>!316:22:24.28.29
However, few of these interventions have incorporated
strength training and play-based activities in addition to
aerobic exercise that is suitable for children with CHD to
participate in regularly outside of a research-based
environment,

This study aimed to determine if a 12-week home-
based exercise intervention that includes primarily
strength training and play activities with supplemental
aerobic exercise influences muscle oxygenation (TOI) and
exercise tolerance (VO, and heart rate) at peak effort ex-
ercise in children with CHD. We tested the primary hy-
pothesis that the 12-week exercise intervention would
improve TOI at peak aerobic exercise in children with
CHD. The secondary hypothesis was that the exercise
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Le TOl du muscle vaste externe a été mesuré de facon continue
pendant le test du \702 max par spectroscopie proche infrarouge.
Résultats : Le programme d’exercices a entrainé un effet modéré
(valeur d de Cohen = 0,67) sur la réduction du TOl au moment de
I'effort maximal (pré-entrainement : signal labile total de 30 + 16 % vs
post-entrainement : signal labile total de 20 = 13 % ; p = 0,099). Le
programme d’exercices a eu un effet léger (valeur d de Cohen = 0,23)
sur 'augmentation de la réserve de \702, soit de 1,6 ml/kg/min (pré-
entrainement : 27,2 4+ 5,7 ml/kg/min vs post-entrainement : 29,4 +
8,8 ml/kg/min; p = 0,382). On a également observé un effet léger
(valeur d de Cohen = 0,27) sur la fréquence cardiaque maximale (pré-
entrainement : 175 + 23 battements/minute vs post-entrainement :
169 =+ 21 battements/minute; p = 0,18). Le TOI, la réserve de VO, et
la fréquence cardiaque étaient généralement inférieurs comparative-
ment aux témoins en bonne santé.

Conclusions : Nos résultats montrent qu’un entrainement musculaire
a la maison pourrait améliorer la capacité d’extraction de I'oxygéne par
les muscles squelettiques (TOI inférieur) et ultimement la réserve de
VO, chez les enfants atteints d’une cardiopathie congénitale.

intervention would improve peak VO, reserve (peak —
nonexercising baseline) and heart rate at peak aerobic ex-
ercise in children with CHD, and would improve TOI,
VO, reserve, and heart rate compared with healthy age-
and sex-matched controls.

Methods
Participants

Twenty-one children with CHD between the ages of 9
and 16 were recruited from the Department of Pediatric
Cardiology at the Jim Pattison Children’s Hospital in
Saskatoon, Saskatchewan. A paediatric cardiologist pre-
screened patients for study eligibility and reviewed the home-
based exercise programme to ensure safety (43% [21 of 49]
of participants identified met inclusion criteria). Exclusion
criteria for children with CHD included cardiac surgery
within the last 6 months, inability to perform moderate-to-
vigorous activity, and inability to follow verbal commands
related to the experimental procedures. Fourteen children
with CHD completed both pre- and post-programme mea-
sures with the final analysed sample including 7-10 (n varied
for outcomes) children with CHD because of data quality/
signal loss (see Fig. 1 for details). The reasons for withdrawal
from the study are included in Figure 1. Nine typically
developing children (CTL) between the ages of 9 and 16,
recruited through word of mouth and posters, completed a
one-time assessment of all measures (Fig. 2). The CTL group
did not participate in the exercise intervention or post-testing
session, as CTL data were intended as a reference only. In-
clusion criteria for the CTL group included the absence of
cardiovascular and respiratory disease, and ability to perform
moderate-to-vigorous activity and follow verbal commands
related to the experimental procedures. Figure 2 details study
enrolment for CTL. Consent was obtained from all parents
and/or legal guardians and assent was obtained from all

children.



Lahti et al.
Muscle Oxygenation in Congenital Heart Disease

Children with CHD
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» - Declined to participate
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Did not meet
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(n=1)
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Pre-test measures
(n=21)
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Lost to follow-up (n=6)
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-3 Unable to contact
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Excluded (n=7)
PealiTOI > -4 Insufficient peak test
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Peak VO, N Excluded (n=4)
(n=10) " -4 Insufficient peak test
Excluded (n=5)
Peak HR »| -4 Insufficient peak test
(n=9) -1 Pacemaker/signal error

Figure 1. Flow diagram of the study design for participants with CHD.
“Insufficient peak test” indicates that participants did not meet the
criteria for a “good effort” test as per an RER >0.90. CHD, congenital
heart disease; HR, heart rate; RER, respiratory exchange ratio; TOl;
tissue oxygenation index.

Pre- and post-programme measurements

Participants completed a peak VO, test to volitional fa-
tigue on an electromagnetically braked cycle ergometer
(Ergoline 800S; SensorMedics Corp, Yorba Linda, CA).
Before each test, flow and volume were calibrated using a 3-L
syringe. Gas analysers were calibrated using gases of known
gas concentrations of O, (16%) and carbon dioxide (4%).
Participants were instructed to refrain from heavy exercise,
caffeine, and large meals before the test. Participants sat
quietly on the cycle ergometer for 3 minutes to obtain non-
exercising baseline data. A modified Oslo protocol, designed
for peak exercise testing children,”””" was used to ensure that
participants could complete the exercise test properly by
achieving at least the first 2 stages of the test. The repro-
ducibility of this test has been validated previously.”’ The test
began at 25 W for 2 minutes, followed by 25 W increments
every 2 minutes. Participants were provided with standard
verbal checkups at regular intervals by the investigator. Ex-
ercise was terminated when participants indicated that they
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wished to stop or if they failed to sustain a pedal rate of 65
revolutions/min. Results of the test were accepted if the res-
piratory exchange ratio was greater than 0.90. Breath-by-
breath gas exchange and heart rate parameters were
measured as the highest 30-s values within the last 1 minute of
exercise (SensorMedics Vmax 229; VIASYS Healthcare Res-
piratory Technologies, Yorba Linda, CA). Beat-by-beat heart
rate was monitored with a 3-lead ECG (VIASYS Healthcare
Respiratory Technologies).

Muscle oxygenation (determined by TOI) was measured
using continuous wave NIRS, with 2 nonstick diodes placed
on the skin surface on the right vastus lateralis (NIRO-
200NX; Hamamatsu Photonics K.K., Hamamatsu, Shizuoka,
Japan). Placement was determined as midway between the
femoral head and the lateral epicondyle of the femur. The
proximal diode emits light into the tissue at 3 wavelengths
(735, 810, and 850 nm), and the distal diode measures the
returning wavelengths not absorbed by haemoglobin. Light
emitted from the diode penetrates the skin, subcutaneous fat,
and underlying muscle and is either absorbed by haemoglobin
or myoglobin or scattered within the tissue.”” Adipose tissue
thickness does not alter the NIRS signal.”” The interdiode
surface distance was 3 c¢m for all participants, and the depth of
penetration of the near-infrared light was approximately equal
to half the distance between the light source and the
diode.”””* Right thigh skinfold and girth were used to vali-
date the depth of near-infrared light penetration. A thick black
cloth was placed over the diodes to block ambient light that
may interfere with the NIRS signal. A tensor bandage was
secured over the diodes and the cloth to hold them in place
during exercise. To ensure that NIRS diodes were placed in
the same location before and after testing, the investigator
referred to anatomic landmarks and anthropometric mea-
surements taken at the diode site during preliminary testing to
reduce pre- vs post-measurement variability. Once the peak
VO, test recovery period (4 minutes) was complete, a blood

Healthy CTL contacted
to participate
(n=11)

Excluded (n=2)
-Did not complete peak VO test

Pre-test measures
(n=9)

Peak TOI | Excluded (n=2)
(n=7) | -Signal error

Peak VO,
(n=9)

Peak HR
(0=9)

Figure 2. Flow diagram of the study design for CTL participants. CTL,
control; HR, heart rate.
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Figure 3. Representative data illustrating total labile signal (TLS)
calibration. Tissue oxygenation index (TOl) is scaled from the non-
exercising baseline value (100% TOI) to the value during ischemia
from femoral cuff inflation above systolic pressure (0% TOI).

pressure cuff was inflated on the thigh above the NIRS diodes
to suprasystolic pressure (220 mm Hg) for 3 minutes to
establish the total labile signal (TLS; the difference between
the nonexercising baseline and nadir TOI). Determining the
TLS enabled calibration of the physiological TOI range, and
changes in TOI before and after training were expressed as a
percentage of the TLS (Fig. 3). Peak TOI (%TLS) was
measured as the highest 30-s value within the last 1 minute of
exercise.

Home-based exercise programme

Children with CHD completed a home-based exercise
programme after the completion of preliminary measures. The
programme was 12 weeks long, with three 30- to 45-minute
sessions completed per week (36 sessions total). The pri-
mary focus of the exercise sessions was to improve strength
and aerobic capacity. Each exercise session included a strength
component (exercises targeting the lower body), aerobic
component (brisk walking, running, stair climbing), and
flexibility component (warm-up stretches). Strength exercises
comprised activities that use the participant’s own body
weight (no equipment was required). The 12-week exercise
programme was divided into 3 different phases of 4 weeks. In
each phase, the intensity of the strength and aerobic exercises
was increased for number and/or duration completed, and
new exercises were added. Participants were provided detailed
instructions for completing each session, including pictures
and informative videos of specific movements (see
Supplemental Appendix S1). Participants were instructed to
complete each session at or above a rating of perceived exer-
tion (RPE) of 4-6 (moderate-intensity exercise). The RPE
scale was explained in detail, and take-home information was
given to participants to ensure that they understood the RPE
scale properly while exercising (see Supplemental Appendix
S1). Logbooks were given to each participant to record the
completion of each session, the RPE level attained during the
session, as well as any other physical activity they participated
in each week. We did not calibrate RPE by having children
exercise at the high and low ends of the RPE scale, and we
acknowledge that this may contribute to participants exer-
cising at lower intensity than intended. Participants were also
asked to record if they missed any sessions along with the
reason why they were not able to complete it (eg, illness).
Weekly follow-ups were conducted by phone, email, and/or
in-person to aid in adherence and to facilitate questions
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regarding the programme. All participants were given the
opportunity to have the researcher come to their home and
complete an exercise session alongside them at least 1-2 times
per phase, to ensure proper technique and completion of the
exercise sessions. Participants who resided further than
100 km away from the testing site did not receive an in-person
exercise session.

Biweekly in-person sessions

To facilitate study adherence, monitor the exercise tech-
nique and provide feedback in real time in-person, and
demonstrate home-based exercise sessions, participants with
CHD attended 6 biweekly in-person sessions (3-4 hours in
length) at the University of Saskatchewan Physical Activity
Complex. Sessions had a multidisciplinary approach beyond
the scope of the current study, including mental wellness and
physical literacy sessions along with physical activity promo-
tion. For the current study, only the physical activity portion
of these sessions was considered when interpreting results.
Physical activities included swimming, rock climbing, yoga,
gymnastics, and sports such as basketball and volleyball. In
addition, each participant completed 20 minutes of aerobic
exercise on a cycle ergometer at an RPE intensity of 4-6 (scale
was visually presented to them). Participants then completed
15 minutes of resistance training led by the investigator,
including similar exercises to the home-based exercise pro-
gramme. Similar to the home-based programme, exercise was
primarily lower-body resistance exercise. The upcoming 2
weeks of the home-based programme was reviewed with
participants, and new exercises or progressions were demon-
strated in-person.

Data analysis
The primary outcome was TOI measured by NIRS on the

right vastus lateralis. The secondary outcomes were exercise
tolerance measured by peak VO, and heart rate. We report
TOLI as a percent value scaled to the TLS based on the highest
5-s average at baseline (100%) and the lowest 5-s value at the
nadir during circulatory occlusion of the right thigh (0%).
Peak TOI, VO,, and heart rate were analysed as the average
value over 30 s over the last 1 minute of exercise. Pre- vs post-
training changes in the TOI %TLS (total labile signal) and
VO, reserve (peak — nonexercising baseline), and peak heart
rate were determined using Cohen’s d effect size analysis

Table 1. Participant demographics

CHD before CHD after
training (n = 10)  training (n = 10) CTL (n =9)

Age (y) 13+ 1 13+ 1 124+3

Sex (female:male) 4:6 — 5:4
Height (cm) 160 & 10 161 & 10 149 + 13
Weight (kg) 54 £+ 11* 54 + 12* 41 £ 12
BMI (kg/m?) 21 + 4 21+ 4 18+3
Reside (U:R) 7:3 — 9:0

Values are mean =+ standard deviation.

Comparisons were made using multiple 2-tailed #tests with the Holm-
Siddk correction for multiple comparisons.

BMI, body mass index; CHD, congenital heart disease; CTL, control; R,
rural; U, urban.

* Significantly different vs CTL (P = 0.048).
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Table 2. CHD participant characteristics
Years since last
Age (y) and sex Diagnosis Surgical intervention intervention Cardiac status at the time of the study*
12, male PV stenosis Balloon valvuloplasty 12 Moderate pulmonary insufficiency, trivial pulmonary
stenosis, mild RV dilation, and normal BiV function
13, male d-TGA Balloon atrial septostomy, arterial 10 Mild main pulmonary artery gradient, mild aortic
switch, RVOT patch, and insufficiency, normal chamber sizes, and normal
balloon branch pass BiV function
12, male TOF VSD patch, RVMB resection, and 12 Trivial RV outflow tract gradient, mild pulmonary
pulmonary valvuloplasty insufficiency, no VSD, normal RV dimensions, and
normal BiV function
12, female PV stenosis, ASD Balloon valvuloplasty, ASD 8 Trivial pulmonary stenosis, mild pulmonary
closure, and TV repair insufficiency, mild to moderate tricuspid
regurgitation, normal chamber sizes, and normal
‘ BiV function
11, male' cc-TGA ASD closure and pacemaker 1 Small ASD with left to right shunting, moderate
supravalvar pulmonary stenosis, trivial mitral
regurgitation, mild tricuspid regurgitation, mild
pulmonary insufficiency, normal BiV function, and
normal pacemaker function
13, female TOF Right Blalock-Taussig shunt and 13 Moderate RV dilation, trivial tricuspid regurgitation,
TOF repair severe pulmonary insufficiency, normal BiV
function, and trivial pulmonary stenosis
16, female TOF TOF repair and pacemaker 16 Mild RV dilation, mild pulmonary insufficiency, no
pulmonary stenosis, normal BiV function, and
stable pacemaker function
15, female d-TGA, VSD Arterial switch, VSD patch, CoA 15 Moderate pulmonary stenosis, mild aortic
repair, and ASD suture insufficiency, no recoarctation, and normal BiV
function
13, male CoA, VSD, PDA, BAV, End-to-end CoA repair, VSD 13 No aortic stenosis or insufficiency, mild ascending
left SVC to dilated closure, PA banding and aorta and aortic root dilation, no aortic arch
coronary sinus debanding, and RVMB gradient, and normal BiV function
resection
13, male CoA, BAV End-to-end coarctation repair 10 No aortic stenosis or insufficiency, no dilation to the

ascending aorta, normal BiV function, and no
recoarctation of the aorta

ASD, atrial septal defect; AVSD, atrioventricular septal defect; BAV, bicuspid aortic valve; BiV, biventricular; cc-TGA, congenitally corrected transposition of

the great arteries; CoA, coarctation of the aorta; DILV, double inlet left ventricle; d-TGA, dextro-transposition of the great arteries; PDA, patent ductus arteriosus;

PV, pulmonary valve; RVMB, right ventricular muscle band; RVOT, right ventricular outflow tract; SVC, superior vena cava; TOF, tetralogy of Fallot; TV,

tricuspid valve; VSD, ventricular septal defect.
*All patients were NYHA functional class I.
T Cardiac-related medication: acetylsalicylic acid.

(small effect > 0.20; medium effect > 0.50; large effect >
0.80). Statistical analyses were conducted using 2-tailed #- tests
with the Holm-Siddk correction for multiple comparisons. 7>
assessed between-group sex differences. Data were analysed
with GraphPad Prism (Version 9.1.0, San Diego, CA) and are
reported as mean =+ standard deviation, where P < 0.05 was
considered statistically significant.

Results
Demographics

By design, there was no difference in age and sex between
CHD and CTL (Table 1). Children with CHD had greater
mass compared with CTL (Table 1). Participant diagnosis,
surgical intervention, time since last cardiac-related surgical

intervention, and cardiac status at the time of study are listed
in Table 2

Effect of exercise training on TOI at peak exercise

There was a medium effect of training on TOI at peak
exercise in CHD (pre: 30 £ 16 %TLS vs post: 20 + 13 %

TLS; Cohen’s = 0.67, P = 0.099; Fig. 4A). Before training,
TOI at peak exercise was not different between CHD (30 +
16 %TLS) and CTL (41 + 11 %TLS; P = 0.129; Fig. 4A).
After training, children with CHD had lower TOI at peak
exercise compared with CTL (CHD-post: 20 =+ 13 %TLS vs
41 + 11 %TLS; P = 0.005; Fig. 4A).

Effect of exercise training on VO, reserve

There was a small effect of training on VO, reserve in
CHD (pre: 27.2 £ 5.7 mL/kg/min vs post: 29.4 £ 8.8 mL/
kg/mm Cohen’s d = 0.23, P = 0.382; Fig. 4B). The
improvement in VO, reserve approx1mates a half (0.6)
metabolic equivalent (MET) increase in exercise capacity.
VO, reserve remained lower between CHD and CTL before
and after training (Fig. 4B).

Effect of exercise training on heart rate at peak exercise

There was a small effect of training on lowering heart rate
at peak exercise (pre: 175 £ 23 beats/min vs post: 169 £ 21
beats/min; Cohen’s 4 = 0.27, P = 0.18) in CHD. Heart rate
at peak exercise tended to be lower in CHD compared with
CTL pre- and post-training (pre: 175 £ 23 beats/min and
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Figure 4. (A) TOIl and (B) VO, reserve in children with CHD compared
with CTL at peak exercise. Data points are individual data. The red line
is the group mean. Comparisons were made using multiple 2-tailed t-
tests with the Holm-Sidak correction for multiple comparisons.
Cohen’s d effect size analysis was completed for pre- to post-testing
in CHD, where a small effect is >0.20, a medium effect is >0.50, and
a large effect is >0.80. CHD, congenital heart disease; CTL, control;
Pre, pre-exercise training; Post, post-exercise training; TOI, tissue
oxygenation index.

post: 169 =+ 21 beats/min vs CTL: 189 £ 11 beats/min; all 2
> 0.05).

Exercise compliance

Nine of 10 participants submitted their exercise compli-
ance logbook (1 participant did not submit the exercise
compliance logbook). In these participants, 26 £+ 11 of 36
(71%) home-based exercise sessions were completed (range: 4-
36 sessions). Seven of 9 participants completed >60% of
sessions (30 £ 6 of 36 sessions; range: 22-36). In 8 of 10
participants who recorded their exercise intensity, exercise was
performed at an RPE of 4-6 or greater 81% =+ 27% of the
time. Nine of 10 participants attended 5 = 1 of 6 (89%)
biweekly in-person exercise sessions (range: 4-6 sessions).
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Discussion

We observed that home-based resistance training had a
medium effect of reducing TOI at peak exercise in children
with CHD. The change in TOI conferred a small effect (in-
crease of approximately 0.6 METs) in VO, reserve. We also
observed a small (effect) reduction in the heart rate at peak
exercise. Together, these findings indicate that peripheral
factors that are known to contribute to exercise tolerance may
possibly be ameliorated with a chronic and primarily resis-
tance exercise intervention in children with CHD.

Effects of exercise training on TOI in children with
CHD

We found that the reduction in TOI at peak exercise was
augmented after strength-based exercise training in children
with CHD. TOI reflects the balance between O, delivery and
utilization;>° during exercise, TOI transiently decreases (and
the arterial-venous O, content difference increases) as O, is
used at the muscle to meet increased metabolic demands in
healthy individuals.”* In children with CHD, this response
has been shown to be abnormal compared with healthy age-
and sex-matched peers due to reduced O, delivery and uptake
at the working muscle.”’*>*>*®  Aerobic exercise in-
terventions have been used to improve the impaired exercise
TOI that contributes to exercise intolerance in CHD.'***
Moalla et al.”” associated improvements in muscle oxygena-
tion after an aerobic interval training programme to both an
increase in cardiac output and arterial-venous O, content
difference and capillary density. In the present study, we
demonstrated a further reduction in TOI at peak exercise.
Costes et al.”” reported significant reductions in muscle
oxygenation during submaximal exercise in young healthy
males after an aerobic exercise intervention, with no change in
VO,. In that study, muscle biopsy of the vastus lateralis
indicated that an augmented reduction in TOI post-training
was secondary to increased capillarization and oxidative
enzyme capacity at the muscle, thus enhancing the matching
of capillary flow to metabolic demand.”” Indeed, an
enhancement of capillary flow without a concomitant increase
in O, delivery further decreases TOI after training” as the
arterial-venous O, content difference would increase if O,
delivery did not undergo a similar increase. Similar findings
results have also been reported in competitive cyclists during a
submaximal endurance test after an interval training pro-
gramme.”® More recently, a study in patients with chronic
obstructive pulmonary disease and healthy sedentary partici-
pants showed training-induced increases in skeletal muscle
aerobic capacity secondary to enhancement of the muscle
capillary network and mitochondrial resyiratory capacity
without a change in muscle blood volume.” Although diffi-
cult to compare our findings, these prior reports reveal
possible mechanisms that may explain the reduction in TOI
we observed post-training in children with CHD.

Exercise training has been shown to improve blood-muscle
O, transfer and subsequently increasing arterial-venous O,
content difference during exercise in patients with heart fail-
ure.*>*" Similarly, our exercise intervention may have elicited
increases in capillary number and density, slowing blood flow
at the working muscle and allowing for an increase in O,
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Figure 5. Depiction of the main study findings. The illustration indicates physiological responses during exercise before (left) and after (right) home-
based resistance training. There was a small effect of training on lowering heart rate at peak exercise after training. It is also hypothesized that
there was also no increase in the limb blood flow (and “bulk” oxygen delivery) during exercise from before to after training. There was a medium
effect of exercise training on decreasing TOI (tissue oxygenation index) at peak exercise that is hypothesized to occur secondary to an increase in
skeletal muscle capillarity and/or muscle metabolism. The increase in capillary density would subsequently slow the flux of red blood cells across
the muscle bed, thus facilitating greater time for potential diffusion of oxygen to the mitochondria. Greater metabolic activity and/or number of
mitochondria after training facilitates greater oxygen extraction from blood and effectively increases the arterial-venous oxygen content difference
and is noted by a lower TOI value. By way of the Fick equation where VO, = cardiac output x arterial-venous oxygen content difference, the small
effect of exercise training on increasing VO, reserve approximately 0.6 metabolic equivalents was likely driven by an increase in the arterial-venous
oxygen content difference (lower TOIl) and not an increase in cardiac output (heart rate or stroke volume) as heart rate was somewhat lower after

training and is a known major determinant of cardiac output. TOI, tissue oxygenation index.

offloaded from the blood to the muscle (see Fig. 5 for illus-
tration of this phenomenon). With an increase in mito-
chondrial density the muscle can use the increased O,
available and the arterial-venous O, content difference in-
crease (reflected as a reduction in/lower TOI). An increase in
O, extraction and utilization is especially likely to occur
without a subsequent increase in O, delivery that would
normal facilitate a higher TOIL. Indeed, we found that heart
rate decreased somewhat (small effect) after exercise training.

V02 response to exercise training in children with CHD

There was a small effect of training on VO, reserve (1.6
mL/kg/min or 0.6 METs) in children with CHD. Previous
work has not yet led to a consensus for the intervention
required to elicit significant increases in VO, in children
with CHD. The data indicate that aerobic interval trainin
elicits increases in peak VO, of 3-4 mL/kg/min,l’zz’2
however, no change in peak VO, after similar training has
also been reported Cordina et al.*? 1mplemented a resis-
tance training programme that resulted in a significant in-

crease of absolute peak VO, of 0.5 L/min, and Rhodes

et al.”* found an increase in peak VO, of approximately 4.0
mL/kg/min after a combined aerobic and strength training
intervention. Similarly, our study included primarily
resistance-based exercise supplemented with aerobic training;
however, it did elicit only modest changes in VO,. It is
possible that maturational differences and varying lesion
types in our study group elicited varying physiological
adaptation to our exercise training programme. Indeed, our
group consisted of a heterogeneous sample of CHD phe-
notypes, including both simple and complex lesions. Various
central hemodynamic factors can be implicated as a result of
lesion structure and morphology such as cardiac output,
heart rate, left ventrrcular ejection fraction, and atrial and
ventricular pressure.”” As a result, lesion type and severity are
a major determinant of VO, for individuals with CHD” and
thus could impact exercise efficacy.

Exercise intensity may be an important factor in our re-
sults. Intensity is widely regarded as the most important
determinant of an exercise prescrlptrons effectiveness for
increasing VO,.** Unlike previous studies, our intervention
only used an RPE scale to monitor intensity, as our pro-
gramme was designed to be feasible and easy for children to
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follow. Rhodes et al.”* used heart rate at the ventilatory
threshold as a target exercise intensity for participants. They
were also able to monitor their participants more closely, with
supervised exercise sessions 2 times per week for 12 weeks,
compared with our intervention where supervised exercise
only occurred every 2 weeks. Therefore, our method of self-
reported intensity may not have had a strong enough stim-
ulus to elicit greater changes in VO,.

Effectiveness of the home-based exercise programme

Our novel strength-based home-exercise intervention
demonstrated that a programme designed for research meth-
odology as well as real-world application may confer physio-
logical adaptation in children with CHD. Previous studies
have primarilgrl implemented acrobic-based exercise in-
terventions, ' *>*” likely due to ease of programme imple-
mentation and the ability of these programmes to produce
significant improvements in exercise tolerance. Although both
are important, it is difficult to generalize these results and
translate them into feasible clinical rehabilitation programmes.
By including primarily lower body strength exercises related to
functional movement patterns, and supplementing these ex-
ercises with aerobic and play components, our study addressed
key aspects of daily activities for children with CHD.
Developing our intervention with a focus on real-world
feasibility and activides of daily living strengthened the
impact our results may have on future studies and may help
address a gap in approaches to exercise rehabilitation for

children with CHD.

Limitations

This study was limited to participants who lived in close
proximity to the study location (Saskatoon, Saskatchewan,
Canada). All participants were recruited from a single insti-
tution and were classified as NYHA I, and therefore are not
representative of all children with CHD. Our small hetero-
geneous sample is also a limitation. Ideally, an in-depth study
of specific based on lesion type or severity would allow for
more precision exercise training recommendations. The
addition of a CHD control group and a training group con-
sisting of healthy age- and sex-matched children may have
strengthened our results. A more stringent inclusion criterion
for compliance may provide a better indication of adaptations
to our exercise intervention.

Previous reports using NIRS to evaluate TOI have not
included TLS, making it difficult to ascertain whether the
magnitude of change in TOI (either increase or decrease) is
related to the relative baseline TOI level for each participant.
It is important to note that the TLS of muscle oxygenation is
an indicant of changes in training-related TOI augmentation
secondary to microvascular adaptations and not baseline TOI
values. In the present study, calibration of the physiological
TOI range via the TLS allowed reliable comparisons and
generalizations regarding peripheral responses to exercise
training. Therefore, our approach to calibrating TOI further
bolsters our conclusions that peripheral skeletal muscle/
microvascular factors are associated with exercise intolerance

in children with CHD.

CJC Pediatric and Congenital Heart Disease
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Conclusions

Our data indicate in a heterogeneous group of children
with CHD that a home-based exercise intervention including
strength, aerobic, and play activities decreased TOI at peak
exercise. The exercise training—induced reduction in TOI led
to a small (effect) increase in VO, reserve. Given that heart
rate was moderately reduced after exercise, it is likely that
training did not increase the exercise cardiac output. Based on
the small change in exercise reserve we observed, home-based
resistance training may confer benefit for activities of daily
living in children with CHD.
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