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Background: Peripheral muscle factors are presumed to be contributors to the reduced exercise capacity in
congenital heart disease (CHD), but the underlying mechanisms are poorly understood. The aim was to investigate
if muscle oxygenation, at rest and during exercise, and the resting blood flow in the calf muscle is impaired in
adults with complex CHD in comparison to controls.

Method: Seventy-four adults with complex CHD (35.6 + 14.3 years, females n =22 [30%], males n = 52 [70%])
and seventy-four age and sex matched subjects were recruited. Muscle oxygenation was successfully determined
using near-infrared spectroscopy on the medial portion of m. gastrocnemius in 63 patients and 67 controls.
Measurements were made at rest, during venous occlusion to estimate blood flow (indicated by slope increase of
total haemoglobin, HbT), and post arterial occlusion. Additionally, measurements were made at the onset of
isotonic unilateral heel-lifts to exhaustion and during recovery post exercise.

Results: Adults with CHD had a slower desaturation rate at exercise onset (—7.7 = 4.3%StO5x3.5sec™ ! vs.
—11.7 + 5.8%St0,x3.5sec ', p < 0.001) a slower half recovery time (28.6  21.2s vs. 16.8 £ 11.1s, p < 0.001) and
a slower resaturation rate post exercise in comparison to the control subjects (3.913.7%St02x3.55ec’l Vs.
6.1 + 3.8%St02x3.55ec'1, p=0.002). In contrast, there were no differences in muscle oxygen kinetics at rest.
Conclusion: Slower muscle oxygenation kinetics during muscle exercise found in adults with complex CHD may
give insight to the mechanisms for the reduced exercise capacity commonly found in this population. This finding
may also provide implications for design of exercise training programs targeting muscle function for these
patients.

Venous occlusion
Arterial occlusion

1. Introduction pathophysiology of acquired heart failure with reduced ejection fraction
(HFrEF), and these affect oxygen delivery and extraction in peripheral

It is well known that the majority of adults with congenital heart muscles [10]. Subsequently, this leads to impaired oxygen kinetics

disease have reduced aerobic exercise capacity in comparison to healthy
referents. Further, this reduction is more pronounced in patients with
more complex lesions [1]. Additionally, impaired skeletal muscle
endurance capacity and muscle strength have been reported [2-6], and
these are suggested as contributing factors to the reduced aerobic exer-
cise capacity [7]. In patients with acquired heart failure, reduced skeletal
muscle endurance is a common finding [8-10]. Reduced cardiac output
and increased systemic vascular resistance are central in the

[10-12], and in turn to reduced endurance capacity of the skeletal
muscles [8-10]. However, little is known of the association between
impaired oxygenation kinetics and reduced skeletal muscle endurance in
adults with congenital heart disease.

Skeletal muscle oxygenation kinetics during and following exercise
can be assessed by using near infrared spectroscopy (NIRS). NIRS is a
non-invasive method that enables continuous monitoring of local muscle
oxygenation, ie. the dynamic balance between oxygen delivery and
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consumption [13]. Direct measurement of the ratio of oxygenated and
deoxygenated hemoglobin within the muscle is allowed, which in turn
provides information on oxygen consumption and delivery during exer-
cise and recovery [14-16]. Further, when applying venous and arterial
occlusion, information on the blood flow, oxygen consumption and ox-
ygen delivery in the resting muscle can be obtained [17,18].

Skeletal muscle oxidative capacity for patients with acquired heart
failure (HFrEF) was previously assessed with NIRS and the results
showed a reduced oxidative capacity compared to controls [19,20].

To our knowledge, only two studies have used NIRS for similar as-
sessments in patients with congenital heart disease. In one study, reduced
muscle strength and endurance for knee extension was associated with
impaired oxygenation kinetics of the thigh muscle for a small group of
children (n=9) with heart lesions of varying complexity [16]. These
patients exhibited a greater magnitude of oxygen desaturation during
exercise and a slower recovery following exercise than did healthy con-
trols. Further, we recently reported reduced muscle endurance capacity
for shoulder flexion as well as slower oxygen desaturation at exercise
onset and slower recovery post exercise in the deltoid muscle for adults
with complex congenital heart disease compared to controls [5]. While
previous research has shown reduced muscle endurance for plantar
flexion exercise [3,4], it is uncertain if the oxygenation kinetics are
impaired for postural and weight bearing muscles for adults with com-
plex congenital heart disease.

The findings from our previous study mentioned above for the upper
extremity [5] and the overall scarcity of data assessing oxygenation ki-
netics in patients with congenital heart disease set the premise for the
present study that focused on the calf muscle. Therefore, we compared
calf muscle endurance and muscle oxygenation kinetics during exercise,
ie. deoxygenation at exercise onset and reoxygenation following exer-
cise, for adults with complex congenital heart disease and age and sex
matched control subjects. Also, we extended on previous studies by
employing a cuff occlusion protocol to investigate if differences existed
between groups in blood flow and oxygenation kinetics in the resting
muscle. The following hypotheses were put forth: (i) muscle endurance
would be reduced for patients compared to controls; (ii) oxygen desa-
turation rate at exercise onset and resaturation rate post exercise would
be slower for patients compared to controls; and (iii) blood flow and the
resaturation rate post cuff occlusion would be slower for patients
compared to controls.

2. Material and methods
2.1. Patients and controls

Seventy-four adults with complex congenital heart disease (mean age
35.6 + 14.3 years, females n = 22) were recruited between March 2016
and December 2017 from three Swedish centers specialized in congenital
heart disease in Umed, Uppsala and Lund (here on referred to as center A,
B and C, respectively). The inclusion criteria were adult age (>18 years of
age), clinically stable condition and complex congenital heart disease
(e.g. Tetralogy of Fallot, Transposition of the great arteries corrected with
atrial switch, Fontan circulation) [21]. The exclusion criteria were
cognitive impairment affecting independent decision capacity, comor-
bidity (e.g. rheumatoid arthritis) or other circumstances affecting study
participation (e.g pregnancy). From center A, 91 patients were identified
via the national register on congenital heart disease (SWEDCON). Of
these, 6 were excluded due to cognitive impairment, 14 were excluded
due to comorbidity or other circumstances affecting study participation,
15 declined participation and 5 were not possible to contact. In total, 51
patients (n =15 women) were included from center A. From center B, a
convenience sample of 22 patients (n = 11 women) was identified, and of
these 11 patients (n = 6 women) declined participation. In total, 11 pa-
tients (n=5 women) were included from center B. From center C, a
convenience sample of 19 patients (n =5 women) was identified, and of
these 7 patients (n=3 women) declined participation. In total, 12
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patients (n = 3 women) were included from center C (Fig. 1). The present
study is a part of a larger study that used the same cohort to address other
research questions [5,6].

There was a population-based recruitment of age and sex matched
controls. The controls should not have a diagnosis of congenital heart
disease or fulfill any of the exclusion criteria mentioned above. Some
stable medical conditions, e.g. medically treated arterial hypertension,
were allowed. One-hundred thirty-one persons were identified via the
national population register, contacted by phone, and asked for partici-
pation. Of these, 57 persons (44%) (n = 19 women) declined or were not
eligible for participation. In total, 74 controls were included (Fig. 1). No
differences regarding age and sex were found in post-hoc analysis be-
tween the participating patients and those who declined or were
excluded. Additionally, in the corresponding analysis for controls no
differences were found (data not shown).

All members of the research team travelled to the different centers.
Thereby each respective test procedure was performed by the same
investigator on all occasions.

All participants gave their written informed consent for study
participation. The study was approved by the Regional Ethical Review
Board, Umea (Dnr 2016-18-31M, 2016-462-32M, 2017-203-32M).

2.2. Arterial oxygen saturation

Prior to the exercise test, the arterial oxygen saturation was measured
during rest on the index finger of the dominant hand using a Beurer PO
30 pulse oximeter (Beurer GmbH, Ulm, Germany).

2.3. Unilateral isotonic heel lift

For assessment of muscle endurance capacity in the calf muscle, the
unilateral isotonic heel-lift test (calf muscle activation) was used. This
test has been used in previous research on adults with congenital heart
disease, and a poorer endurance capacity in patients in comparison to
controls has been shown [3,4]. The subjects faced the wall and stood on
one leg with the test leg resting on a 10° tilted wedge (i.e. heel on the
floor). During the exercise subjects touched the wall with the fingertips
for balance. The contralateral foot was held slightly above the floor.
Subjects were asked to perform as many heel-lifts as possible with a
frequency of 30 repetitions per minute following a metronome (KORG
metronome MA-30, KORG Inc., Japan). Subjects were instructed to touch
with the top of the head a marked wooden plank on every heel-lift. The
position of the plank was preset to represent each individual's maximum
reach. The test was aborted by the investigator if the participant was
unable to follow the instructed pace or was unable to reach the wooden
plank. The number of performed heel-lifts was registered [22].

2.4. Near infrared spectroscopy technique and occlusion maneuvers

A continuous wave spectrometer, i.e. the Inspectra 325 spectrometer
(Hutchinson Technology, MN, US), was used for NIRS measurements.
This device emits and detects light intensities in wavelengths of 680, 720,
760 and 800 nm [23]. Absolute measurements of local tissue oxygenation
in percent saturation (StO2%), and relative measurements of deoxy-
hemoglobin (HHb), oxyhemoglobin (HbO,), and total haemoglobin
(HbT) could be obtained. A 25-mm cylindrical probe (penetration
depth = 95% of length, i.e. 23 mm) that included a sender at one end and
a photosensitive detector at the other end was placed centrally over the
medial portion of m. gastrocnemius of the dominant leg in direction of the
muscle fibers. The m. gastrocnemius was chosen since it is activated during
the heel-lift test described above. The probe was housed and held in place
with an adhesive shield with a window. The same investigator positioned
the probe (and shield) on the muscle for all subjects. NIRS sampling was
performed at 0.35 Hz. NIRS variables were determined in the following
order: at rest with the subject in a supine position, during venous and
arterial occlusion while in a supine position, during heel lift exercise
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Center A Center B Center C 131 matched
91 patients 22 patients 19 patients controls
40 declined 11 declined 7 declined 57 declined
or excluded participation participation participation

74 adult patients with complex congenital heart disease and 74 age
and sex matched controls included in the study

74 patients and 74 controls with data regarding
skeletal muscle endurance capacity

63 patients and 67 controls with data on muscle
oxygenation kinetics included in analysis

Fig. 1. Flow chart over the inclusion and exclusion process of patients with complex congenital heart disease and age and sex matched controls.

while standing, and post exercise in a supine position. For occlusions, a
cuff was placed around the thigh and inflated to 70 mmHg for venous
occlusion (i.e. blood flow allowed in, but not out), and 50 mmHg above
the individual resting systolic blood pressure for arterial occlusion (i.e.
full blood flow stop). Cuff occlusions were maintained for 1 min and
venous occlusions were always applied before arterial occlusions. A
1-min rest period was allowed between venous and arterial cuff in-
flations. For occlusions, the following variables were determined: Muscle
Oy saturation at rest — the mean of the 35-sec rest period prior exercise;
Resting blood flow — the slope of increase in HbT during the first 45 s of
venous occlusion; Resting fractional oxygen extraction — change between
the pre-arterial occlusion HHb value and the HHb value for a 10-sec
plateaued period during occlusion; Resting resaturation rate — the slope
of change of O, saturation percent for the initial 25 s following arterial
occlusion; and Resting half recovery time — the time it takes for O, satu-
ration percent to reach ' of the peak hyperemic value. The method of
applying occlusion for the aforementioned physiological determinants
has previously been validated [17,18]. During exercise a typical pattern
for NIRS signals was observed for all subjects. At exercise start there was
an abrupt drop in StO2% and HbO,, and an accompanying increase in
HHDb; with exercise continuation there was a plateauing of variables (for
StO2% this resulted in a plateauing out at 0% for both patients and
controls); and at the end of exercise there was a trending recovery of
components (Fig. 2). For exercise, the following variables were deter-
mined: Exercise desaturation rate — the slope of change of O saturation
percent for the initial 15s at the start of exercise; Exercise fractional ox-
ygen extraction — change between the pre-exercise HHb value and the

—St02
- — -HbO2
----HHb

1 11 21 31 41 51
Time (sec)

Fig. 2. Curves for one subject showing responses in NIRS variables before,
during and after exercise. StO2, oxygen saturation; HbO2, oxyhemoglobin; HHb,
deoxyhemoglobin. Arrows indicate start and end of exercise.

HHD value for a 10-sec plateaued period during the exercise; Exercise
resaturation rate — the slope of change of O, saturation percent for the
initial 25 s at the end of exercise; and Exercise half recovery time — the time
it takes for Og saturation percent to reach ! of the peak hyperemic value
post exercise.

2.5. International Physical Activity Questionnaire

The short version of the International Physical Activity Questionnaire
(IPAQ) was used to investigate self-reported physical activity. It com-
prises four generic items regarding time spent at different intensity levels
of physical activity (vigorous, moderate, walking) and a summary of
physical activity (total activity) during the past seven days. This was
summarised as a continuous score of metabolic equivalents (MET) mi-
nutes/week and also categorised into three levels of physical activity, i.e.
low (<600 MET min/week), moderate (601-2999 MET min/week) and
high (>3000 MET min/week) [24]. In addition, the participants reported
if they participated in regular exercise training.

2.6. Statistics

The statistical analyses were performed using the Statistical Package
for Social Sciences version 24 (SPSS, IBM corp., Armonk, NY, US). Data
are presented as means with standard deviation (SD), medians with
range, or ratios with percentages. Differences between groups were
analyzed using Students t-test (means), Mann-Whitney U test (rank),
chi2-test (ratios) and Fischer exact test (ratios when expected n < 5 in an
outcome). To determine if the patients with Fontan circulation (owing to
their higher venous pressure, reduced cardiac output, etc.) had a sub-
stantial impact on the data, a one-way ANOVA was conducted for the
NIRS variables that were significantly different between patients and
controls. These variables were one by one tested as dependent variables
against the independent variables comprised of the following three
groups: patients with Fontan circulation, all other patients with complex
congenital heart disease (i.e. non-Fontan), and controls. Tukey's HSD test
was used for post-hoc tests. Univariate logistic regressions were per-
formed with self-reported physical exercise training (yes/no) as a
dependent variable and muscle endurance capacity and muscle oxygen-
ation kinetic variables as independent variables. The null hypothesis was
rejected for p-values <0.05.
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3. Results
3.1. Participant characteristics

Background data of the participants are presented in Table 1. The
three major groups of diagnoses were Fontan, systemic right ventricle
and tetralogy of Fallot. The patients were shorter, had lower arterial
oxygen saturation at rest and were prescribed more cardiovascular
medications compared to controls (Table 1). The patients were pre-
scribed ACE-I inhibitors, betablockers, diuretics, warfarin and aspirin to a
higher extent than controls (Table 2). Skeletal muscle endurance capacity
was measured in all patients (n=74) and controls (n=74). Data on
muscle oxygenation was successfully collected for 63 patients (n=12
women) and 67 controls (n = 16 women) (Fig. 1). Missing data were due
to a blunted response in NIRS signals presumably because of adipose
tissue thickness [25]. None of the participants had been diagnosed or had
known symptoms of peripheral arterial disease.

Table 1
Descriptive data on patients with complex congenital heart disease and age and
sex matched controls.

Patients Controls p
(n=74) (n=74)
Sex male 52(70.3) 52(70.3) 1.0
female 22(29.7) 22(29.7)
Age 35.6+14.3 35.7+14.3 1.0
Height (cm) 173.3+9.6 176.8+9.2 0.024*
Weight (kg) 74.0 £12.1 76.6 +13.8 0.2
BMI 24.6 +3.4 24.4+3.5 0.8
Arterial O, Saturation % 95+4 98+1 <0.001%**
NYHA class Na na
I 49(66.2)
il 19(25.7)
III 3(4.1)
Extra-cardiac limitationf 3(4.1)
EF>40% 61(82.4) na na
EF <40% 13(17.6) na na
Diagnosis
ToF 20(27.0) na na
PA 3(4.1)
ccTGA 4(5.4)
d-TGA with atrial switch 15(20.3)
Fontan 22(29.7)
Complete AV septal defect 1(1.4)
Miscellaneous 1(1.4)
Truncus arteriosus 1(1.4)
Eisenmenger 1(1.4)
d-TGA with ASO 6 (8.1)
Cardiac intervention yes 70(94.6) na na
Age at intervention 4.7+5.3 na na
Cardiovascular medication 45(60.8) 6(8.1) <0.001%**
yes
Physical activity level
Total MET min/weekf 1733(99- 1698 (99- 0.6
18186) 13332)
Low <600 MET min/week 11(14.9) 5(6.8) 0.2
Moderate 601-2999MET min/ 40(54.1) 47(63.5)
week
High >3000 MET min/week 23(31.1) 22(29.7)
Regular exercise training yes 32(43.2) 47(63.5) 0.013*
Smoker yes 2(2.7) 2(2.7) 0.9

Data are presented as means + 1 SD, {medians (ratio) and n (%). NYHA class,
New York Heart Association classification; EF, ejection fraction; ToF, tetralogy of
Fallot; PA, pulmonary atresia; ccTGA, congenitally corrected transposition of the
great arteries; dTGA atrial switch, transposition of the great arteries corrected
with Senning or Mustard surgery; AV, atrioventricular; dTGA with ASO, trans-
position of the great arteries corrected with arterial switch operation; MET,
metabolic equivalent; reps, repetitions. None of the study participants were in
NYHA functional class IV. Differences between groups are tested with Chi-Square
tests for ratios, Students t-tests for means and Mann-Whitney U test for medians.
tLimited by joint related problem while walking/running (n=2), impaired
balance post stroke (n = 1). Bold figures indicate p-values <0.05. *P < 0.05, ***P
< 0.001.
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Table 2
Cardiovascular medication in patients and controls.
Patients Controls P
(n=74) (n=74)
ARB yes 6(8.1) 4(5.4) 0.75
ACE-I inhibitors yes 23(31.1) 2(2.7) <0.001***
Betablockers yes 23(31.1) 0(0) <0.001***
Calcium channel blockers 4(5.4) 2(2.7) 0.68
yes
Aldosterone blockers yes 1(1.4) 0(0)
Diuretics yes 13(17.6) 1(1.4)
Warfarin yes 17(23.0) 0(0)
Aspirin yes 13(17.6) 0(0)
DOAC yes 3(4.1) 0(0)
Statins yes 4(5.4) 1(1.4)
PAH medication (Sildenafil) 2(2.7) 0(0)
yes
Amiodarone yes 11.4) 0(0) 1.0
Nitroglycerine yes 2(2.7) 0(0) 0.5
Digoxin yes 2(2.7) 0(0) 0.5

Data are presented as n (%). ARB, Angiotensin receptor II blocker; ACE-I,
angiotensin converting enzyme inhibitors; DOAC, direct oral anti-coagulants;
PAH, pulmonary arterial hypertension. Comparisons between patients and con-
trols were performed using Fischer exact test. Bold figures indicate p-values
<0.05. ***P < 0.001.

3.2. Muscle endurance capacity

The calf muscle endurance capacity, assessed with unilateral isotonic
heel lift to exhaustion, did not differ between patients and controls
(Table 4).

3.3. Muscle oxygenation kinetics and blood flow at rest

At rest, the muscle oxygen saturation or the local muscle blood flow
(measured as the increase of HbT during venous occlusion) did not differ
between patients and controls. Further, there were no differences in the
fractional oxygen extraction during arterial occlusion or the oxygenation
recovery variables post occlusion (Table 3).

3.4. Muscle oxygenation kinetics during and following exercise

Compared to controls the patients had a slower desaturation rate at
exercise onset, however, there was no difference in the fractional oxygen
extraction during exercise. Also, the patients had a slower resaturation

Table 3
Muscle oxygenation kinetics in the calf muscle at rest and for venous and arterial
occlusion of the thigh in patients with complex congenital heart disease and
controls.

Patients Controls P
(n=63) (n=67)
Muscle O, saturation at rest % 60+19 66 +17 0.07
Venous occlusion maneuver
Resting blood flow HbTx3.5sec™! 0.31+0.21 0.38+0.21 0.07
Arterial occlusion maneuver
Resting fractional O, extraction 7.7+ 4.6 7.8+4.1 0.9
AHHb%
Resting resaturation rate % 26+1.8 2.6+1.8 0.9
StO,x3.5sec !
Resting half recovery time sec 15.6 £13.3 16.5+12.1 0.7

Data are presented as means and standard deviation. Resting blood flow, the slope
of total haemoglobin (HbT) during 45 s of venous occlusion; Resting fractional O
extraction, change between the pre-exercise HHb value and the HHb value for a
10s plateau period during the arterial occlusion; Resting resaturation rate, the
slope of change of StO»% for the initial 25 s following arterial occlusion; Resting
half recovery time, the time it takes for StO,% to reach ' of the peak hyperemic
value following arterial occlusion. Comparison of means between patients and
controls were performed using Students t-test.
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Table 4
Muscle endurance, oxygen saturation at exercise onset and during recovery post
exercise.

Patients Controls p
(n=63) (n=67)
Heel-lifts reps 24+8 26+9 0.09
Exercise desaturation rate % -7.7+43 -11.7+5.8 <0.001***
StO,x3. Ssec !
Exercise fractional O, 7.7+4.6 7.8+4.1 0.9
extraction AHHb%
Exercise resaturation rate % 3.9+37 6.1 £3.8 0.002%*
StO,x3. 5sec!
Exercise half-time recovery sec ~ 28.6 +21.2 16.8+11.1 <0.001***

Data are presented as means and standard deviation. Exercise desaturation rate,
the slope of change of O, saturation percent for the initial 15s at the start of
exercise; Exercise fractional O extraction, change between the pre-exercise HHb
value and the HHb value for a 10 s plateaued period during the exercise; Exercise
resaturation recovery rate, the slope of change of StO;% for the initial 25s at the
end of exercise; Exercise half-time recovery, the time it takes for StO,%to reach %
of the peak hyperemic value. Comparison of means between patients and con-
trols were performed using Students t-test. Bold figures indicate p-values <0.05.
**p < 0.01, ***P < 0.001.

rate post exercise and a slower half recovery time (Table 4). Therefore,
one-way ANOVAs were done to compare the exercise desaturation rate,
exercise resaturation rate, and exercise half recovery time between pa-
tients with Fontan circulation, the group of patients with other complex
congenital heart disease (i.e. non-Fontan diagnoses) and controls. There
was a mean difference in exercise desaturation rate between patients and
controls [F(2,127)=10.2, p < 0.001, nzz 0.14]. In addition, the post-
hoc tests showed that the mean exercise desaturation rate was slower
in patients with Fontan circulation compared to controls (—3.8%
StOzx3.5sec”t, p=0.011) as well as in the group of patients with other
complex congenital heart disease compared to the controls (—4.2 %
St02x3.53ec’1, p < 0.001), whereas there was no difference between the
two groups of patients. In corresponding analyses with exercise resatu-
ration rate and exercise half recovery time as dependent variables,
similar results as described above were found (data not shown).

3.5. Finger arterial oxygen saturation

The adults with congenital heart disease had a lower finger arterial
oxygen saturation at rest compared to the controls (Table 1).

3.6. Self-reported physical activity

The self-reported habitual physical activity level, assessed with IPAQ,
did not differ between patients and control subjects (Table 1). Self-
reported participation in regular physical exercise training was more
common in controls in comparison to the patients (participation in reg-
ular exercise training controls n=47[63.5%] vs. patients n=32[43.2%],
p=0.013). No association was found between muscle endurance ca-
pacity or muscle oxygenation kinetics and self-reported physical activity
or participation in regular exercise (data not shown).

4. Discussion

The present study is the first to assess oxygenation kinetics at rest and
during exercise in the calf muscle of adults with complex congenital heart
disease. The study adds to the paucity of data for the current interest of
examining skeletal muscle metabolism in this patient group. The main
finding was that adults with complex congenital heart disease had slower
oxygenation kinetics in the calf muscle at exercise onset and during re-
covery following an exercise bout to exhaustion; thus, this finding was in
line with our hypothesis. However, we found no differences between
patients and controls in muscle endurance or in muscle blood flow and
muscle oxygenation kinetics at rest. The differences in oxygenation
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kinetics during exercise may contribute to the consistent finding of
reduced aerobic capacity in this population [1,7].

4.1. Muscle oxygenation kinetics during and following exercise

The slower oxygen desaturation rate at exercise onset followed by a
slower resaturation rate post exercise in the adults with congenital heart
disease constitutes a conceivable explanation to the reduced endurance
capacity commonly found in this population [3,4]. Similar results have
been reported for the vastus lateralis muscle in a group of children (n =9)
with various congenital heart lesions [16], and for the deltoid muscle in
adults with complex congenital heart disease [5]. Also, our oxygenation
results are in line with a previous report for the vastus lateralis muscle in
patients with acquired heart failure with reduced ejection fraction
(HFrEF) [20]. In patients with acquired heart failure (HFrEF), it was
reported that reduced cardiac output affects the oxygen delivery to and
oxygenation kinetics within the muscle and thereby the skeletal muscle
performance [10,11]. Differences in cardiac output during exercise be-
tween our patients and controls (not measured in the present study) may
induce chronic changes within the muscle and present a plausible
explanation to the group differences in oxygenation kinetics during ex-
ercise. In our study population, the systolic function of the heart was
close to normal. Therefore, it seems unlikely that the instantaneous
performance of the relatively short muscle endurance test that involves
only a few muscles, would be affected by the systolic function of the
heart. Although speculative, it seems more likely that the chronic
low-grade impairment of the cardiovascular system over time has altered
the skeletal muscle physiology e.g. mitochondrial function, capillariza-
tion and thereby also affects the oxygenation kinetics.

Our population with congenital heart disease was much younger than
that reported for patients with acquired heart failure [26]. Of further
interest, the majority of our population had an EF>40%, whereas pa-
tients with acquired heart failure (HFrEF) commonly have EF<40% [26].
Although the population of adults with congenital heart disease, in
general, is surgically corrected or palliated during early childhood, the
residual of sometimes minor deviations in physiology and hemodynamics
may still provide a lifelong impact [27]. Owing to advances in medical
and surgical treatment, adults with congenital heart disease is becoming
an aging population [28]. Therefore, the finding of impaired muscle
oxygenation kinetics in our rather young population could warrant future
research that regards the development of muscle oxygenation kinetics
over time. Further, recent research in patients with heart failure has
shown positive effects of exercise training on oxygenation kinetics [29];
thus, corresponding research in adults with complex congenital heart
disease is of interest.

A lower habitual physical activity level may be suggested as an
explanatory factor to the slower muscle oxygenation kinetics for our
patients. However, the self-reported physical activity level did not differ
between patients and controls. This also conforms to previous reports in
patients with congenital heart disease [30-32]. Although self-reported
participation in regular exercise training was higher in controls than in
patients, no association was found with muscle endurance capacity or
any of the muscle oxygenation kinetic variables. Therefore, the habitual
physical activity or regular exercise training level does not explain our
group differences in muscle oxygenation kinetics during exercise or
muscle endurance capacity.

4.2. Oxygen saturation during rest

The arterial (finger) oxygen saturation at rest was lower in our pa-
tients compared to controls; this is an expected consequence of many of
the complex heart lesions [33]. The reason that the muscle oxygen
saturation values in the calf muscle are lower than for arterial finger
oxygen saturation is because NIRS measures the mixture of venous and
arterial blood in the small capillaries [13].

We found no significant difference between patients and controls in
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the calf muscle oxygen saturation at rest. This finding complies with the
aforementioned report for the thigh muscle in children with congenital
heart disease [16]. However, we recently reported a lower oxygen
saturation at rest in the deltoid muscle in adults with complex congenital
heart disease compared to control subjects [5]. Discrepancies between
studies are not readily explainable. A possible explanation to the lack of
group difference we found for the calf muscle might be the markedly
higher mean arterial blood pressure and effect of gravity on the blood
pressure in the lower limb in the standing position (daily living) [34].
These factors affect the perfusion of the muscle and therefore might
diminish possible differences in muscle perfusion at rest and thereby the
muscle oxygen saturation of the calf muscles at rest.

4.3. Blood flow and oxygenation kinetics during rest

The absence of differences in resting blood flow (i.e. the venous oc-
clusion maneuver) and resting muscle oxygen consumption (i.e. the
arterial occlusion maneuver) is hard to put in context, since to our
knowledge this is the first study to use such occlusion maneuvers to
assess muscle metabolic activity in patients with congenital heart disease.
In patients with acquired heart failure, arterial occlusion was used to
show lower resting muscle oxygen consumption for patients in compar-
ison to healthy subjects [35]. In that study, the population with heart
failure was on average 59 years of age and had an ejection fraction (EF) of
31% [35], whereas our patient population was comparably younger
(35.6 years) and the majority (61%) had an ejection fraction >40%. The
younger age and higher EF in our population may explain the lack of
difference in resting blood flow and oxygen consumption in the present
study. However, our findings comply with a recent report by Southern
et al. on patients with acquired heart failure (HFrEF) with a mean age of
65. They concluded that there was no differences in resting blood flow or
oxygenation kinetics at rest [19].

That we found group differences in oxygenation kinetics for the
exercising muscle but not in the resting muscle is intriguing. As
mentioned above, differences in oxygenation kinetics for the exercising
muscle may partly be attributed to a blunted cardiovascular response in
patients. However, the cardiac output at rest may not differ between
groups to the extent that it impacts the oxygenation kinetics. Unfortu-
nately, the present study protocol did not include data on cardiac output
during exercise. Another possible explanatory mechanism could be a
reduced mitochondrial function in the skeletal muscle as described in
patients with acquired heart failure [10]. Currently it is not known if
mitochondrial dysfunction in skeletal muscles is present in adults with
congenital heart disease and further research in this field is of interest.

4.4. Muscle endurance capacity

In contrast to previous reports that used the same heel-lift test [3,4],
there was no difference between our patients and controls regarding
endurance capacity. The explanation for the discrepancy between the
present and previous studies is not readily apparent. However, it may be
that the adults with complex congenital heart disease in the present study
simply had better endurance for the heel-lift test than did the patients in
the previous study. Some support for this may be garnered in observing
the mean number of repetitions. For example, the mean number of
heel-lifts for controls versus patients in the present study were 26 versus
24 and in the previous study were 26 versus 18 In other words, the
controls in both the present and the previous study performed similarly,
but the patients in the present study performed close the mean value of
the controls; this was not the case for the patients in the previous study.
In addition, the results of previous reports indicate that the difference in
endurance capacity, between patient and controls, might be larger in the
upper extremity than in the lower [3,4]. Presence of such difference
could suggest that there is a difference in what extent the muscle
endurance capacity is affected in upper versus lower limbs. However,
potential differences in muscle physiology between upper and lower limb
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should be addressed in future research.
4.5. Limitations

There was a problem with NIRS signals for some subjects that led to
missing data (patients n =11, controls n =7), which could be construed
as a limitation in the present study. This may have been due to adipose
tissue thickness which is a known problem with NIRS [25]. Nevertheless,
the number of patients with complete data (n = 63) still provides robust
data for an overall analysis. Further, the borderline significant results
regarding muscle endurance capacity, muscle saturation at rest, and
resting blood flow could indicate that the sample size might have been
underpowered. However, regarding the muscle endurance capacity, the
sample size was larger than previous research that used similar protocols
[4,17,18]. The three major groups of diagnoses were Fontan, systemic
right ventricle and tetralogy of Fallot. It could be suspected that the
differences between patients and controls were mainly driven by a single
diagnosis group, e.g. Fontan. Nevertheless, the post-hoc test showed that
these differences were present between the Fontan group as well as the
non-Fontan group versus the controls. The cross-sectional design of the
study is another limitation since this only provides data of the current
state, thus no information on the development of muscle function over
time is presented. Therefore, we advocate for a repeated measurement
protocol to be included in a future study. Unfortunately, the present
study did not include any data on cardiopulmonary exercise capacity; yet
there is a known relation between aerobic capacity and muscle perfor-
mance [2].

5. Conclusions

The slower muscle oxygenation kinetics during muscle exercise found
in adults with complex congenital heart disease may provide insight into
the mechanisms for the reduced exercise capacity commonly found in
this population. The presence of impaired muscle oxygen kinetics,
already at a rather young age, raises the notion that muscle function
should be regularly monitored in order to detect and if possible prevent
further deterioration. Thereby our findings may also provide implica-
tions for design of exercise training protocols targeting muscle training
for population.
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