
978  |   wileyonlinelibrary.com/journal/chd Congenital Heart Disease. 2018;13:978–987.© 2018 Wiley Periodicals, Inc.

 

Received: 30 March 2018  |  Revised: 15 June 2018  |  Accepted: 15 July 2018

DOI: 10.1111/chd.12660

O R I G I N A L  A R T I C L E

Evaluation of systemic microvascular reactivity in adults with 
congenital heart disease

Pablo Marino  MD, MSC1,2 | Gabriella de Oliveira Lopes  MSc1,3 |  
Juliana Pereira Borges  PhD3 | Maria Carolina Terra Cola  MD1 |  
Daniel Arkader Kopiler  MD, PhD1 | Eduardo Tibirica  MD, PhD1

Abbreviations: Ach, acetylcholine; ACHD, adults with congenital heart disease; APU, arbitrary perfusion units; BNP, B‐type natriuretic peptide; CVC, cutaneous vascular conductance; HF, 
heart failure; IRB, institutional review board; LDF, laser Doppler flowmetry; LSCI, laser speckle contrast imaging; PAT, peripheral arterial tonometry; PORH, postocclusive reactive hyper‐
emia; SD, standard deviation; SNP, sodium nitroprusside; V’O2, oxygen consumption.

1National Institute of Cardiology, Rio de 
Janeiro, Brazil
2Antônio Pedro University Hospital, Federal 
Fluminense University, Niteroi, Brazil
3Laboratory of Physical Activity and Health 
Promotion, Department of Collective 
Sports, Institute of Physical Education and 
Sports, Rio de Janeiro State University, Rio 
de Janeiro, Brazil

Correspondence
Eduardo Tibirica, Instituto Nacional de 
Cardiologia, Rua das Laranjeiras, 374, ZIP 
code 22240‐006, Rio de Janeiro, Brazil. 
Email: etibi@uol.com.br

Funding
Dr Eduardo Tibirica receives financial 
support from CNPq (Conselho Nacional de 
Desenvolvimento Científico e Tecnológico) 
in Brasilia, Brazil and FAPERJ (Fundação 
de Amparo à Pesquisa do Estado do Rio de 
Janeiro) in Rio de Janeiro, Brazil.

Abstract
Objective: Adults with congenital heart disease share some features with those with 
chronic heart failure. Although microvascular endothelial dysfunction has been de‐
scribed in chronic heart failure, evaluation of the microcirculation in adults with con‐
genital heart disease is lacking. The present study aimed to investigate systemic 
microvascular reactivity in adults with congenital heart disease.
Interventions: The patients initially underwent cardiopulmonary exercise testing. Then, 
the cutaneous microvascular reactivity was evaluated in these patients using a laser 
speckle contrast imaging system coupled with skin iontophoresis of endothelial‐de‐
pendent (acetylcholine) or ‐independent (sodium nitroprusside) vasodilators and pos‐
tocclusive reactive hyperemia (PORH) and compared with healthy controls matched 
for age and sex.
Results: Thirty‐one patients and 29 healthy controls were evaluated. The basal micro‐
vascular flow (P < .0001) and area under the curve in response to acetylcholine 
(P < .0001) were higher in the patients than in the healthy volunteers. The increase in 
cutaneous vascular conductance in response to sodium nitroprusside was reduced in 
the patients compared to the healthy volunteers (P = .0031). No difference in the micro‐
vascular response was observed during postocclusive reactive hyperemia. The basal 
microvascular flow of patients with peak oxygen consumption below 16.0 mL kg‐1 min‐1 
was superior to that of patients with values greater than 16.0 mL kg‐1 min‐1 (P = .0046).
Conclusions: Adults with congenital heart disease present a higher baseline cutaneous 
microvascular blood flow than healthy controls and do not present systemic microvas‐
cular endothelial dysfunction. Nevertheless, endothelium‐independent microvascular 
reactivity is blunted, suggesting an altered vascular smooth muscle response or vascu‐
lar structural alterations. Finally, patients with a lower functional capacity presented a 
greater microvascular basal blood flow than subjects with a higher functional capacity.
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1  | INTRODUC TION

The prevalence of congenital heart disease has increased over the 
past five decades due to significant progress in the treatment of 
these pathologies in childhood.1 At present, congenital heart dis‐
ease affects more than 1 000 000 adults in the United States.2,3 The 
affected individuals have a lower functional capacity4‒7 and worse 
prognosis8‒14 than healthy individuals of the same age group and 
usually evolve with heart failure (HF), which is the main cause of 
cardiovascular mortality in this population.15

Congenital heart disease in adults shares some characteristics 
with HF caused by other etiologies, including effort intolerance,4‒7 
ventricular dysfunction (left or right),16 cardiac arrhythmia,17 myo‐
cardial fibrosis,18 ventilatory inefficiency,1,11,19 increased inflamma‐
tory cytokine levels,20 and neurohormonal activation.21 Among the 
pathophysiological changes in HF, endothelial dysfunction is high‐
lighted and is present even in the early stages.22 However, the pres‐
ence of endothelial dysfunction in patients with congenital heart 
disease is controversial because some studies have demonstrated 
the occurrence of endothelial dysfunction in these patients,23‒27 
whereas other studies have not confirmed this condition.28‒31 
Research in individuals with HF has shown that these individuals 
present compromised systemic endothelial function of the cuta‐
neous microcirculation.32‒34 In contrast, the literature on the en‐
dothelial function of the cutaneous microcirculation of adults with 
congenital heart disease (ACHD) is limited, and the results are con‐
flicting.23,25,26,28 Indeed, cutaneous microcirculation in individuals 
with congenital heart disease was investigated in only one study.35

Considering that endothelial dysfunction may be one cause of 
effort intolerance in patients with HF36,37 and ACHD,27 aerobic 
training may represent an effective therapeutic option, as has been 
shown for HF.38 In addition, the presence of microvascular endo‐
thelial dysfunction may allow identification of ACHD with an unfa‐
vorable prognosis similar to HF, in which this prognostic condition is 
associated with higher morbidity and mortality.39

Laser speckle contrast imaging (LSCI) is a newly developed non‐
invasive technique that allows continuous recording of the skin 
microvascular blood flow.40 Additionally, cutaneous microvascular 
reactivity has been correlated with microvascular function in dif‐
ferent vascular beds both in intensity and regarding the underlying 
pathophysiological mechanisms.41

The primary objective of this study is to evaluate the systemic 
microvascular endothelial function in ACHD. The secondary objec‐
tive is to investigate endothelium‐independent microvascular reac‐
tivity, which represents the function of vascular smooth muscle and 
structural changes in the microvasculature.

2  | METHODS

This observational, cross‐sectional study evaluated 31 adult patients 
with congenital heart disease (aged >18 years) who were acyanotic 
or cyanotic and were treated clinically, surgically, or percutaneously 

and 29 healthy volunteers (reference group for microcirculatory pa‐
rameters). The patients were recruited from April 2016 to August 
2017. The group of healthy individuals originated from an earlier 
study by our research group.42 This study was approved by the 
Institutional Review Board (IRB) of our institution under Protocol 
No. 47563315.2.0000.5272. The patients were informed of the na‐
ture of the study and signed the informed consent form previously 
approved by the IRB. This study complied with the guidelines of the 
World Health Organization and the Declaration of Helsinki. The ex‐
clusion criteria were patients aged <18 years, refusal to sign the in‐
formed consent form, and a diagnosis of diabetes mellitus.

3  | C ARDIOPULMONARY E XERCISE TEST

The study patients underwent a cardiopulmonary exercise test to 
assess their aerobic function, degree of functional limitation, and 
clinical severity. A maximum exercise test (limited by symptoms) was 
performed always between 8 and 12 AM. on a treadmill (Inbramed, 
Porto Alegre, RS, Brazil) with a ramp protocol and an expected du‐
ration of 8 to 12 min. Patients were encouraged to continue the 
effort to exhaustion. For gas measurement, the patients had their 
noses sealed with a clip and used a mouthpiece with a saliva col‐
lector coupled to a pneumotachograph; this device was connected 
to a gas analysis transducer (model VO2000; MedGraphics, St Paul, 
Minnesota). The device was connected to a computer running the 
Ergo PC Elite software (Micromed, Brasília, Federal District, Brazil), 
which measured breath‐to‐breath data using the means obtained 
at 20‐s intervals. The oxygen consumption (V’O2) peak was con‐
sidered the highest value identified over the past 20 s of exercise 
or the first measurement of recovery. The patients were classified 
according to Weber et al into four classes by the V’O2 peak values   
determined by direct measurement as follows: A—>20.0 mL kg‐1 
min‐1; B—16.0‐20.0 mL kg‐1 min‐1; C—10.0‐15.9 mL kg‐1 min‐1; and 
D—<10.0 mL kg‐1 min‐1.43

4  | CUTANEOUS MICROVA SCUL AR 
RE AC TIVIT Y

The microcirculatory tests were performed after a 20‐minute rest 
with the patients in a supine position in an environment with a 
controlled temperature (23 ± 1°C) approximately 60 minute after 
a light breakfast, according to a previously validated standard ex‐
perimental protocol.44‒47 Endothelium‐dependent microvascular 
reactivity was evaluated using a recently standardized and validated 
LSCI laser system47 at a wavelength of 785 nm (PeriCam PSI sys‐
tem, Perimed, Järfälla, Sweden) combined with iontophoresis of ace‐
tylcholine (ACh) for the continuous and noninvasive measurement 
of cutaneous microvascular perfusion in arbitrary perfusion units 
(APUs). Endothelial‐independent cutaneous microvascular reactiv‐
ity was analyzed using the same system but combined with sodium 
nitroprusside (SNP) iontophoresis. The image acquisition rate was 
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eight images per second, and the distance between the origin of the 
laser and the skin surface was set at 20 cm as recommended by the 
manufacturer. The images were analyzed using PIM‐Soft software 
(Perimed). Two areas of the skin on the ventral surface of the forearm 
(separated by 5 cm) were randomly chosen to record the cutaneous 
blood flow. Areas with excess pigmentation, excess hair, visible blood 
vessels, or any lesion were avoided, and two microiontophoresis 
electrodes were glued with double‐sided adhesive (LI611, Perimed). 
Three areas (circular regions of interest) of approximately 80 mm2 
were measured. Two of these areas were located inside the elec‐
trode area (for measurement of ACh and SNP), and the third area was 
located adjacent to the electrode to measure postocclusive reactive 
hyperemia (PORH). A vacuum cushion (a specially constructed cush‐
ion filled with polyurethane foam and shaped to any desired shape 
by creating a vacuum)(AB Germa, Kristianstad, Sweden) was used 
to limit the possible generation of noise in the recordings by move‐
ment of the upper limbs. After 5‐minute recordings of the baseline 
microvascular blood flow were collected, iontophoresis with 2% ACh 
w/v or 2% SNP w/v (Sigma Chemical Co., St. Louis, Missouri) was 
performed using a micropharmacological system (PF 751 Perilont 
USB Power Supply, Perimed) with anode currents (ACh) or cathode 

currents (SNP) of increasing intensities of 30, 60, 90, 120, 150, and 
180 µA that were applied for 10 s and separated from each other 
by 60‐s intervals. The total loads were 0.3, 0.6, 0.9, 1.2, 1.5, and 1.8 
mC, respectively. For current dispersion, the neutral electrode was 
installed 15 cm above the infusion electrodes. The protocol did not 
include the administration of injectable drugs, and the drugs men‐
tioned above were maintained in contact only with the epidermis of 
the volunteers. For the PORH tests, brachial artery occlusion was 
performed using a pneumatic cuff inflated at suprasystolic pressure 
(50 mm Hg above the systolic pressure of the volunteers) for 3 min‐
utes. Maximum cutaneous blood flow was measured after release of 
the cuff. Blood pressure (systolic, diastolic, and mean) and heart rate 
were determined using an automatic oscillometer (Dinamap PRO 
100, General Electric, Jackson, Tennessee) with a cuff of appropri‐
ate size. The cutaneous blood flow values were divided by the mean 
arterial pressure to determine the cutaneous vascular conduct‐
ance (CVC) in APU/mm Hg. The following parameters were evalu‐
ated: area under the curve, in APU/s; CVC peak, in APU/mm Hg; 
and amplitude (or increase) of the CVC, in APU/mm Hg. The latter 
measurement was defined as the difference between the peak and 
baseline CVC. The area under the curve is automatically calculated  

F I G U R E  1   Baseline microvascular flow (A), peak‐baseline values of microvascular flow (B), area under the curve for acetylcholine (ACh) 
iontophoresis (C), and cumulative effects of ACh iontophoresis (D) on the cutaneous microcirculation of healthy volunteers (CONTROL, 
n = 29) and adult patients with congenital heart disease (ACHD, n = 31). Values represent the means ± SDs. P values were calculated 
using the two‐tailed unpaired Student’s t test (Figures 1A, 1B and 1C). *P < .05; **P < .01; ***P < .001, and ****P < .0001 compared to 
the CONTROL, using the two‐tailed unpaired Student’s t test; #P < .05; ##P < .01, and ###P < .001 compared to the baseline values, using 
repeated‐measures ANOVA followed by the Newman‐Keuls multiple comparisons test (Figure 1D). Abbreviations: APU, arbitrary perfusion 
units; CVC, cutaneous vascular conductance [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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by the PIM‐Soft software. It represents the integral response of 
flow values versus the dose of ACh or SNP and is calculated as the 
area situated between the flow curve and the x‐axis. For instance, in 
Figure 1C, the area under the curve is the area below the dose‐re‐
sponse curve (y‐axis) and the dose (x‐axis).

5  | STATISTIC AL ANALYSIS

We have performed a sample size calculation to confirm that the 
number of patients included in the study would be appropriate to 
verify potential statistical differences between groups. Sample size 
calculation was performed using GPower (version 3.0.10, University 
of Kiel, Kiel, Germany), based on the difference between groups for 
microvascular responses to acetylcholine of 0.11 APU/mm Hg (cuta‐
neous microvascular conductance), with a standard deviation of 0.17 
APU/mm Hg.44 Assuming 70% of power and 5% significance level, a 
minimum of 29 patients in each group was necessary.

The normality of the distributions of data was assessed using the 
Shapiro‐Wilk test; according to the results of the test, the data are 
presented as the mean ± standard deviation (SD), for values with 
parametric (normal) distribution, or the median (interquartile range), 
for values with nonparametric (nonnormal) distribution. Comparisons 
between groups were made using a two‐tailed unpaired Student’s t 
test (for data with a normal distribution) or the Mann‐Whitney test 
(for data with a nonnormal distribution). Categorical variables were 
compared using Fisher’s exact test. The null hypothesis was rejected 
at P < .05. The ACh curves were analyzed using repeated‐measures 
ANOVA followed by the Newman‐Keuls multiple comparisons test 
(parametric data). The SNP curves were analyzed using Friedman’s 
test followed by Dunn’s multiple comparisons test (for nonpara‐
metric data). Prism, version 7.0 (GraphPad Software Inc, La Jolla, 
California), was used for the statistical analysis.

6  | RESULTS

6.1 | Clinical characteristics and medications

Thirty‐one adults with congenital heart disease aged 34.0 
(22.0‐48.0) years were evaluated, including 17 women (54.84%) and 
14 men (45.16%) (Table 1). The control group consisted of 29 healthy 
volunteers aged 41.5 (34.7‐44.0) years (P = .0781 vs. patients), in‐
cluding 17 women and 12 men (P = .7997 vs. patients).

The most common pathology in the study sample was tetralogy 
of Fallot, with nine cases (29.03%). A total of 27 acyanotic patients 
(87.1%) and 4 cyanotic patients (12.9%) were analyzed (Table 1). 
Twenty‐four patients (77.4%) underwent surgical treatment, one 
patient (3.2%) was subjected to percutaneous treatment only, and 
the remaining six patients (19.4%) underwent clinical treatment with 
no history of previous interventions. The most common associated 
comorbidities were systemic arterial hypertension in three patients 
(9.67%), dyslipidemia in two patients (6.45%), hyperuricemia in two 
patients (6.45%), coronary artery disease in one patient (3.22%), and 

hypothyroidism in one patient (3.22%). The clinical characteristics of 
the patients are shown in Table 1, and the drugs used are described 
in Table 2.

6.2 | Cardiopulmonary exercise test

The peak V’O2 was 19.13 ± 1.33 mL/kg/min, corresponding to 
44.86% ± 18.01% of the predicted maximum V’O2 for age and gen‐
der according to the prediction equation of Jones and Campbell.48 
The patients were grouped according to the classification of Weber 
et al into classes A and B or C and D.43 When the difference in the 
maximum aerobic power between groups was considered, the peak 
V’O2 was 18.75 (17.56‐28.64) mL/kg/min in the 17 patients from 
classes A and B and 10.86 (9.55‐15.12) mL/kg/min in the 14 patients 
from classes C and D (P < .0001). The cardiovascular parameters 
measured during cardiopulmonary exercise tests are described in 
Table 3.

6.3 | Cutaneous microvascular reactivity

The absolute values of the microvascular parameters, before and 
after pharmacological or physiological stimulation, as well as arte‐
rial blood pressure values obtained during microvascular evaluation, 

TA B L E  1   Clinical characteristics of the patients

Characteristics n %

Female/male 17/14 54.84/45.16

Age (years) 34.0 (22.0–48.0) –

Acyanotic/cyanotic 27/4 87.09/12.91

Main diagnosis

Tetralogy of Fallot 9 29.03

Single ventricle 4 12.90

VSD 3 9.67

Ebstein’s anomaly 2 6.45

ASD 2 6.45

TGA 2 6.45

Noncompacted 
myocardium

1 3.22

Tricuspid insufficiency 1 3.22

Tricuspid stenosis 1 3.22

Pulmonary stenosis 1 3.22

Coarctation of the aorta 1 3.22

Truncus arteriosus 1 3.22

TGA cc 1 3.22

CASD 1 3.22

ALCAPA 1 3.22

Abbreviations: VSD, ventricular septal defect; ASD, atrial septal defect; 
TGA, transposition of the great arteries; TGAcc, congenitally corrected 
transposition of the great arteries; CASD, complete atrioventricular sep‐
tal defect; ALCAPA, anomalous origin of the left coronary artery from 
the pulmonary artery.
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are described in Table 4 and Figures 1 and 2. The table shows that 
there are prominent statistically significant differences in the basal 
microvascular parameters, as well as in the vasodilator responses 
to pharmacological and physiological stimulation, between healthy 
controls and patients. Moreover, arterial blood pressure was sig‐
nificantly lower in ACHD patients, compared to healthy controls.

The baseline CVC was 0.32 ± 0.02 APU/mm Hg in the group of pa‐
tients and 0.22 ± 0.01 APU/mm Hg in the control group (P < .0001). In 
response to ACh, the area under the curve was 22 500 ± 1086 APU/s 
in the group of patients and 19 331 ± 1078 APU/s in the control 
group (P = .0431) (Figure 1C). The CVC amplitude was 0.34 ± 0.03 
APU/mm Hg in the group of patients and 0.39 ± 0.03 APU/mm Hg 
in the control group (P = .1779), and the CVC peak was 0.66 ± 0.03 
APU/mm Hg in the group of patients and 0.61 ± 0.03 APU/mm Hg in 
the control group (P = .3507).

The responses to increasing doses of ACh in the intervention 
and control groups starting at baseline are shown in Figure 1D. The 
curves are practically parallel; the largest difference between the 

groups was in the baseline blood flow, and this difference was sig‐
nificant up to a current of 90 µA. Relative to baseline, the difference 
was significant beginning at 60 µA in the group of patients and 30 
µA in the control group.

In response to PORH, the CVC peak was 0.78 ± 0.03 APU/mm 
Hg in the group of patients and 0.76 ± 0.03 APU/mm Hg in the con‐
trol group (P = .5797), whereas the CVC amplitude was 0.44 ± 0.03 
APU/mm Hg in the group of patients and 0.48 ± 0.03 APU/mm Hg in 
the control group (P = .3734).

The responses to SNP iontophoresis were available for oper‐
ational reasons for only 24 patients (77.42%). The area under the 
curve for the SNP stimulus was 17 810 ± 943 APU/s in the group 
of patients and 15 760 ± 893 APU/s in the control group (P = .1219) 
(Figure 2C). The CVC amplitude was 0.18 ± 0.02 APU/mm Hg in the 
group of patients and 0.31 ± 0.03 APU/mm Hg in the control group 
(P = .0031), and the CVC peak was 0.46 (0.37‐0.61) APU/mm Hg in 
the group of patients and 0.51 (0.39‐0.67) APU/mm Hg in the con‐
trol group (P = .5857).

The responses to progressive doses of SNP starting at baseline 
are shown in Figure 2D. Similar to the response curve for ACh, the 
difference between the two groups starting at baseline remained 
significant up to a current of 90 µA. Relative to baseline, the differ‐
ence was significant starting at 120 µA in both groups.

The difference in the area under the curve between the two 
groups in response to ACh iontophoresis was maintained even when 
the four cyanotic individuals were excluded from the analysis and 
the 27 acyanotic patients were compared with the control group 
(22 630 ± 1201 APU/s in the acyanotic patients and 19 330 ± 1078 
APU/s in the controls, P = .454). A similar result was observed when 
the five patients taking sildenafil were excluded from the analysis. 
The area under the curve in response to ACh iontophoresis consider‐
ing only the 26 patients not using this vasodilator was 22 680 ± 1253 
APU/s in the intervention group and 19 330 ± 1078 APU/s in the 
control group (P = .0466).

The division of the patients according to Weber’s classifica‐
tion into functional classes A and B with a V’O2 peak ≥16.0 mL.
kg‐1.min‐1 or classes C and D with a V’O2 peak <16.0 mL.kg‐1.
min‐1 indicated that the patients with lower maximum aerobic 
power (classes C and D) had a comparatively higher baseline CVC 
(0.38 ± 0.3 APU/mm Hg vs. 0.27 ± 0.22 APU/mm Hg, P = .0046) 
(Figure 3A) and a tendency to a larger area under the curve in 
response to ACh iontophoresis (20 620 ± 1124 APU/s in classes 
A and B vs. 24 780 ± 1 124 APU/s in classes C and D, P = .0554) 
(Figure 3B).

TA B L E  2   Medications used by the patients

Medications n %

Beta‐blockers 19 61.29

Diuretic 15 48.38

ACEI 12 38.71

ARB 8 25.81

Warfarin 7 22.58

Sildenafil 5 16.13

Folic acid 4 12.90

Ferrous sulfate 4 12.90

AAS 3 9.68

Levothyroxine 3 9.68

Digoxin 2 6.45

Amiodarone 2 6.45

Amlodipine 2 6.45

Statin 2 6.45

Allopurinol 2 6.45

Prednisone 1 3.22

Trimetazidine 1 3.22

Metformin 1 3.22

Abbreviations: ACEI, angiotensin converting enzyme inhibitor; ARB, an‐
giotensin II receptor blocker; ASA, acetylsalicylic acid.

TA B L E  3   Cardiovascular parameters of 
adult patients with congenital heart 
disease (n = 31) during the 
cardiopulmonary exercise test

Hemodynamic parameter

Resting systolic arterial pressure (mm Hg) 114.1 ± 17.5

Peak systolic arterial pressure (mm Hg) 145.2 ± 26.6

Resting heart rate (bpm) 76.3 ± 13.4

Peak heart rate (bpm) 143.1 ± 37.4

The results are presented as the mean ± SD.
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The comparison of the patients’ responses according to gen‐
der indicated an area under the curve of 24 227 ± 1561 APU/s in 
the female patients and 20 404 ± 1329 APU/s in the male patients 
(P = .0794).

7  | DISCUSSION

The results of the cutaneous microvascular reactivity analysis in ACHD 
did not confirm the initial hypothesis that these individuals presented 
microcirculatory endothelial dysfunction. The vasodilatory response to 
iontophoresis with ACh in ACHD was similar to that in healthy subjects 
because no significant differences were found in the amplitude and 
maximal CVC value after transdermal administration of ACh. In contrast, 
the areas   under the curve for ACh‐induced vasodilation were higher in 
ACHD than in the controls, possibly because the baseline microvascular 
blood flow was increased in the group of patients in combination with 
a sustained response to ACh. No significant difference in the response 
to PORH was  observed between the ACHD and the healthy volun‐
teers. In contrast, with respect to the response to SNP iontophoresis, 
the healthy  controls demonstrated a stronger vasodilatory response 

than the ACHD with a higher CVC amplitude, suggesting that ACHD 
had a lower microvascular smooth muscle‐dependent vasodilator re‐
sponse than healthy individuals; this result is similar to that observed 
in patients  with coronary artery disease42 and HF.32,33 Alternatively, 
ACHD may present microvascular structural changes, including vascu‐
lar smooth muscle hypertrophy, which in turn may reduce the endothe‐
lium‐independent microcirculatory vasodilation.

The results of studies on HF using a methodology similar to ours, 
including laser Doppler flowmetry (LDF) and iontophoresis with 
ACh, were different from our study results. The reactivity of cuta‐
neous microcirculation was lower in patients with HF than in healthy 
individuals.32‒34 Additionally, patients with HF required only nitrate 
suspension for 6 hours before the intervention. Although none of 
the evaluated participants of the present study used nitrates, five 
patients (16.13%) used sildenafil. However, the responses of these 
patients to the ACh stimulus were not significantly changed even 
when they were excluded from the analysis.

The results available in the literature on the microvascular en‐
dothelial function of ACHD are conflicting. Cordina et al evaluated 
the vascular reactivity of individuals with cyanotic congenital heart 
disease and reported the presence of endothelial dysfunction when 

Control ACHD P value

Systolic arterial pressure (mm Hg) 128.7 ± 139 122.0 ± 18.6 .1026

Diastolic arterial pressure (mm Hg) 80 (75–86) 75.2 ± 9.9 .0074

Mean arterial pressure (mm Hg) 97 (93–103) 90.8 ± 11.9 .0027

Microvascular flow before ACh 
iontophoresis (APU)

21.1 ± 6.7 28.8 ± 8.6 .0003

Peak microvascular flow after ACh 
iontophoresis (APU)

59.9 ± 17.2 58.7 ± 16.4 .7849

Variation of microvascular flow 
(peak‐baseline) after ACh  
iontophoresis (APU)

38.9 ± 13.6 29.9 ± 14.8 .0192

Microvascular flow before SNP 
iontophoresis (APU)

21.7 ± 6.5 29.2 ± 7.6 .0009

Peak microvascular flow after SNP 
iontophoresis (APU)

52.3 ± 19.3 41 (36−54) .1792

Variation of microvascular flow 
(peak‐baseline) after SNP  
iontophoresis (APU)

30.5 ± 15.5 16.6 ± 10.3 .0019

Microvascular flow before PORH 
(APU)

27.3 ± 5.5 30.4 ± 6.9 .0643

Peak microvascular flow after PORH 
(APU)

74.2 ± 16.4 69.7 ± 13.9 .2550

Variation of microvascular flow 
(peak‐baseline) after PORH (APU)

46.7 ± 14.9 39.3 ± 12.7 .0395

Abbrevia t ions: ACh, acetylcholine; APU, arbitrary perfusion units; PORH, postocclusive reactive  
hyperemia; SNP, sodium nitroprusside.
The assessment of the normality of data was performed using the Shapiro‐Wilk Normality test. The 
results of parametric data are presented as the mean ± SD and analyzed using the two‐tailed un‐
paired Student’s t test. For nonparametric data, the results are presented as the median (interquar‐
tile range) and analyzed using the Mann‐Whitney test. The analyses of parameters that include both 
parametric and nonparametric data (CONTROL vs. ACHD) were performed using the nonparametric 
test (Mann‐Whitney).

TA B L E  4   Microvascular data and 
arterial blood pressure of healthy 
volunteers (CONTROL, n = 29) and adult 
patients with congenital heart disease 
(ACHD, n = 31 for ACh and PORH data; 
n = 24 for SNP data)
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patients were evaluated for flow‐mediated dilatation but not for 
peripheral arterial tonometry (PAT), suggesting the presence of en‐
dothelial dysfunction in conductance vessels but not in the micro‐
circulation.24 Lambert et al used the PAT technique and observed 
microvascular endothelial dysfunction in patients with Fontan circu‐
lation.26 Oechslin et al employed venous occlusion plethysmography 
and observed the occurrence of microvascular endothelial dys‐
function in cyanotic congenital cardiopathies.25 In addition, these 
authors found a correlation between lower oxygen saturation   and 
a lower vasodilator response. However, venous occlusion plethys‐
mography evaluates muscle blood flow in the forearm, including the 
microcirculation and large blood vessels.49

The results of previous studies from our group indicated that 
patients with systemic arterial hypertension and dyslipidemia47 and 
patients with coronary artery disease42,50 had lower microvascular 
cutaneous reactivity than healthy controls when evaluated by LSCI 
coupled to ACh iontophoresis. To the best of our knowledge, no 
studies to date have used this method in patients with HF or con‐
genital heart disease.

Notably, the baseline blood flow was higher in the cutaneous mi‐
crocirculation of the ACHD than in the healthy controls. Previous 
studies from our group using LSCI found no significant difference 

in the baseline microvascular blood flow in patients with coronary 
artery disease50 or systemic arterial hypertension and dyslipidemia47 
compared to the control group. Similarly, studies with LDF found no 
significant difference between the baseline cutaneous microcircula‐
tion in patients with HF and healthy individuals.32,34,51 In contrast to 
our assumptions, the baseline cutaneous microcirculation and reac‐
tivity to ACh in ACHD were not similar to that of patients with HF. 
Corroborating these findings, ACHD with lower peak V’O2 values   
(Weber functional classes C and D), who might have the most se‐
vere conditions and greater functional limitation, had higher baseline 
microcirculatory blood flows than patients with higher V’O2 peaks 
(Weber functional classes A and B).

The few studies that have analyzed baseline blood flow in ACHD 
have reported discordant results. Oechslin et al reported that the 
baseline blood flow was lower in patients with cyanotic congenital 
heart disease than in the control group.25 Pedersen et al evaluated 
cyanotic patients and found no significant differences in the base‐
line blood flow between these patients and healthy individuals.30 
Similarly, Brili et al found no significant differences in patients with 
coarctation of the aorta.23 However, contrary to the present study, 
none of these studies exclusively investigated cutaneous microcircu‐
lation, which is currently considered a surrogate marker of systemic 

F I G U R E  2   Baseline microvascular flow (A), peak‐baseline values of microvascular flow (B), area under the curve for sodium nitroprusside 
(SNP) iontophoresis (C), and cumulative effects of SNP iontophoresis on the cutaneous microcirculation of healthy volunteers (CONTROL, 
n = 29) and adult patients with congenital heart disease (ACHD, n = 24). Values represent the means ± SDs. P values were calculated using 
the two‐tailed unpaired Student’s t test (Figures 1A, 1B and 1C). **P < .01; ***P < .001, and ****P < .0001 compared to the CONTROL, using 
the two‐tailed unpaired Student’s t test; ##P < .01 and ###P < .001 compared to the baseline values, using Friedman’s test followed by Dunn’s 
multiple comparisons test (Figure 2D) [Colour figure can be viewed at wileyonlinelibrary.com]
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circulation.41 Only one study published in the 1990 s found results 
similar to those we described. Chang et al evaluated children and 
adolescents with tetralogy of Fallot using LDF and observed that the 
baseline blood flow was higher in the cutaneous microcirculation of 
these patients than in the healthy controls, particularly in patients 
with hemoglobin below 19 g/dL.35

The literature available to date only allows us to speculate on 
the pathophysiological mechanisms involved. The use of drugs is an 
unlikely hypothesis if we consider that patients with hypertension, 
dyslipidemia, coronary heart disease, and HF certainly use cardio‐
vascular drugs and therefore do not present a baseline blood flow 
in the cutaneous microcirculation that is significantly different from 
that of healthy individuals.32,34,47,50,51 In addition, our results did not 
change significantly when the patients taking sildenafil were with‐
drawn from the analysis. Another explanation is that ACHD may de‐
velop an adaptive compensatory mechanism that is different from 
the situation in patients with HF, resulting in accumulation of vaso‐
dilators in the cutaneous microvasculature. In fact, contrary to the 
traditional HF model in which the left ventricle is usually involved, 
impairment occurs predominantly in the right cavities and in the pul‐
monary circulation in most congenital heart defects. In contrast to 
congenital heart disease, HF primarily affects older individuals with 

associated comorbidities, including systemic arterial hypertension, 
dyslipidemia, diabetes mellitus, and coronary artery disease, and 
these conditions are associated with endothelial dysfunction. Future 
studies are necessary to corroborate these findings and elucidate 
the underlying mechanisms.

7.1 | Limitations and strengths of the study

The limitations of this study include the relatively small sample size, 
which is common studies involving pathologies with a lower preva‐
lence. Moreover, there was a rather large variation in the type of 
congenital heart disease of patients included in the present study. 
Unlike studies that investigated endothelial function in ACHD, this 
study was not restricted to a specific pathology but instead evalu‐
ated a heterogeneous group of congenital heart diseases. However, 
other studies performed in ACHD found that these individuals 
usually presented characteristics in common, including increased 
effort intolerance,4‒6 lower ventilatory efficiency,1,19 and higher 
levels of B‐type natriuretic peptide (BNP) compared to healthy 
individuals of the same age group. The clinical conditions associ‐
ated with a lower peak V’O2,8 lower ventilatory efficiency,13 and 
higher BNP levels6 include cyanotic congenital heart disease and 
Fontan circulation. The low percentage of individuals with cyanosis 
and Fontan circulation in our sample indicated that the sample was 
composed of patients with less severe disease, which might par‐
tially explain the results. In contrast, no significant correlation was 
found between the severity and degree of microvascular endothe‐
lial dysfunction in patients with HF.32,33 These authors found that 
the main factor associated with endothelial dysfunction was age 
because elderly individuals with HF presented the strongest mi‐
crocirculatory impairment. In addition, progressive deterioration of 
microvascular endothelial function with aging has been reported.52 
However, most of the analyzed patients in the present study were 
young.

Importantly, the present study is the first to evaluate microcircu‐
lation in young adults with congenital heart disease using a state‐of‐
the‐art noninvasive laser‐based technology.

8  | CONCLUSION

In contrast to patients with HF, the ACHD in our sample did not 
present endothelial dysfunction of cutaneous microcirculation. 
However, the ACHD had higher baseline blood flows and sustained 
vasodilator responses to the ACh stimulus than did the healthy in‐
dividuals. Moreover, patients with a higher degree of effort intol‐
erance (Weber functional classes C and D) presented increased 
microvascular baseline blood flows than those with higher maximum 
aerobic powers (Weber functional classes A and B).
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